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a “ MATES A 


ABSTRACT 
The hydrocarbon chain segmental orientational order 


parameters, S were obtained by fluorine-19 nuclear 


moi. ~ 
magnetic resonance spectroscopy using membranes of the 
organism Acholeplasma laidlawii B, whose complex lipids had 
been enriched with a variety of exogenous fatty acid and 
Small amounts of particular isomeric monofluoropalmitic acid 
probes. The thermotropic behaviour of these membrane lipids 
was independently monitored using differential scanning 
calorimetry to permit an evaluation of the relationship 
between fatty acyl structure, orientational order and lipid 
phase state. First, a theoretical model of the fluorine 
Spectrum of a monofluoropalmitic acid in a lipid bilayer was 
developed which permitted the spectral line shape to be 
interpreted in terms of an orientational order parameter, 
Smo1e The chemical shift anisotropy and dipolar interactions 
which dominate the fluorine spectra were ascribed a 
<3cos’?@-1> orientation dependence in both the gel and 
liquid-crystalline state as a reSult of axially symmetric 
lipid motions. The narrowing of the fluorine spectrum from 
its estimated effective chemical shift anisotropic and 
dipolar maximum was quantitated through the introduction of 
an orientational order parameter. Evaluations of the 
estimates and assumptions necessary to this type of analysis 
were developed as well as demonstrations of the corres- 
pondence of experimental and simulated fluorine spectra. 


Secondly, the values of Smo: were determined in the presence 


iv 


Peo heh $6142 5 +o \etadmese ai ait pou eaten ; 
ceehete ap ani iad i -anigtio iT) 4 = 
ed! to Sonciawan Creu (epegotedseR, easocast 

es still ~siaqpoy ani 7 Vwi: bre atm 
bag: Gide Sel Ber seuhSl ele ZISITRY ss er ae 

bled! Altin acovend) stom > / may mefeo! ey 4° oat 

ebiqgid ancy g2add bic tela ting pind soyre ad’ 

inkice (AbsnsRett- > snven) Sog51 fhe Vi (Ae 

Fisensiiehe?) sho Toovgs Reus as) Vierere az | 
but? ore wetiic Sameisgsascié (use 22Uys4 Inde. 144 Se 
sAiseu.? \etsiYS Teban fas yesose.1 « y4aal4y aie 

aev seyeiie Diqgri Seni Srde iain egy iL FaRem.'s 1 8 ‘al 

ad od eadite or J fas Taege ond bas ioe fo piu ; : 

1 TSAEMEEHA ab 7 3) ters tte? aed Awe \F6 shiries ht 

zoolsoetss0i 15199 (5 Brin a9" ey Migs fsatadd> 

@ Bedioan! Tid sitoage Stadutions oral 

here, sett fa as sah sepedeh | hoitesagive<t™ 

Shysedmy a <itaige Se Mouse % 24 sypie silitaeey 

oat mus sesme sitaivis. si2 36 patunsén qa? api ts 

Pets . coe la ee aera date paris eresseris £2 chad 7 

SR aeena ‘Bia tgwiete He tee, Fane aRW see ies 

a oy te enctviytera ay a, bse in 

eieylens. bo sous Erte gtrineenadilt 3. 


aperian st 36, wt: < ISneiiah Me 


tg 


el 


of representatives from each class of naturally occurring 
fatty acid, including straight-chain saturated, mono- 
unsaturated, methyl branched and alicyclic ring substituted 
fatty acids, over a range of temperatures which spanned the 
gel to liquid-crystalline phase transition of the A. 
Jaidlawii B membrane lipids. In the liquid-crystalline state 
Overall order was relatively low and the profile of order 
across the lipid bilayer was relatively independent of the 
"host" fatty acyl structure, always demonstrating a region 
of relatively constant order preceding a progressive decline 
in order towards the methyl terminus of the acyl chain. This 
uniformity of ordering permitted a characterization of the 
overall order in the liquid-crystalline state in terms of 
average forces such as proximity to the phase transition and 
temperature. In the gel-state, order increased profoundly 
and the presence of different fatty acyl structural 
Substituents resulted in markedly different order profiles. 
The gel-state order profiles of straight-chain saturated 
fatty acids were almost flat, indicating that little 
head-to-tail gradient of order remained. In contrast, the 
order profiles in the presence of methyl jiso- and anteiso- 
branched acids, or isomers of CiS-octadecenoic acid with the 
double bond located near the methyl terminus, displayed 
large gradients of order in the gel state, indicative of the 
local disruptive influence of these structural substituents. 
When located near the center of the fatty acyl chain, 


structures such as the cis-double bond or cyclopropane ring 
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altered the gel state order profile so that order first 
decreased, then increased and then subsequently declined 
towards the methyl terminus. A CisS-double bond located near 
the carbonyl headgroup had little disruptive influence on 
the gel state order profile. In addition to these local 
disruptive effects, specific structural substituents were 
capable of lowering the overall order in the gel state. When 
the dependences of order on temperature for individual cases 
of enrichments were: normalized with respect to the lipid 
phase transition, it was observed that those fatty acyl 
groups giving the lowest phase transition temperature also 
exhibited the lowest degree of orientational ordering in the 
gel state. This suggested that different fatty acids 
modulate the temperature of the lipid phase transition by 
decreasing the stability of gel-state chain packing in both 
a local and a general sense. In the liquid-crystalline state 
overall order was greater in the presence of lower melting 
fatty acids following normalization with respect to the 
lipid phase transition. This effect was attributed to the 
overall temperature dependence of orientational order in the 
liquid-crystalline state rather than to some property of the 
particular fatty acid. When considered together these 
observations provided a unified picture of the manner in 
which fatty acyl chain structure modulates the lipid hydro- 
carbon chain orientational order and the temperature of the 


lipid phase transition. 
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I. INTRODUCTION 

The earliest studies of biological membranes were 
concerned with delineating gross morphological features and 
generally conveyed an impression of a static structure. The 
description of the time-averaged or equilibrium structure of 
biological membranes is by no means complete and continues 
to be an important focus of contemporary research. However, 
it became apparent that biomembranes were essentially 
dynamic structures and that an understanding of structure- 
function relationships had to include an appreciation of the 
rates and amplitudes of the fluctuations about the "average" 
configuration. 

Recognition of these considerations culminated in the 
proposal of the fluid-mosaic model of the structure of 
biological membranes by Singer and Nicholson (1972). The 
basic tenents of the model are now generally agreed upon and 
are as follows. Membranes consist mainly of lipids and 
proteins arranged in an amphiphilic lamellar structure with 
a relatively nonpolar inner layer separating two polar 
hydrated layers in contact with the external aqueous 
solutions The inner “hydrophobic layer encompasses the hydro- 
carbon chains of the lipid molecules (arranged ina 
bilayer), the predominantly hydrophobic portions of the 
intrinsic membrane proteins as well as any molecules Such as 
sterols or anaesthetics which preferentially partition into 
the membrane. The two surface layers consist of the lipid 


phosphate esters, carbonyls and headgroups, the carbohydrate 
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and hydrophilic amino acid residues of proteins as well as 
any associated ions and water. The amphipathic lipid bilayer 
Bciiss toy solvate”) they imbeddediantransic: proteinsowhich may 
partially or entirely span the width of the membrane (for 
reviews, see Singer and Nicholson, 1972; Bretscher, 1973). 
This cooperative configuration can be considered an equili- 
brium structure Since most membrane components will, of 
themselves, spontaneously aggregate or assume a lamellar 
structure when isolated and reconstituted in aqueous 
solutions (Bangham et a/]., 1974). 

Within the constraints of the planar membrane structure 
the individual components experience a considerable range of 
motional freedom. Intrinsic membrane proteins are 
more-or-less free to rotate (Cone, 1972) and diffuse 
laterally (Jain and White, 1977) within the plane of the 
bilayer. The membrane lipids can exist in either of two 
States, each of which differs markedly from the other in the 
degree of motional freedom permitted therein: a gel state, 
in which the lipid molecules are closely packed, experience 
restricted rotational or translational diffusion while the 
methylene chains assume an approximately all-trans 
configqurataon;t and) ayliquid-crystalline staté,;oin whach 
lipid packing restrictions are greatly attenuated and where 
all degrees of motional freedom, including rotational and 
translational diffusion, rotational isomerization about 
individual bonds, and even trans-bilayer flip/flop of whole 


molecules, increase profoundly. The transition between these 
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two states can be triggered by changes in temperature 
(thermotropic), water content (lyotropic) or ion content 
(ionotropic). It’ is an approximately first order-phase 
transition and can be cooperative to the extent that 
hundreds of lipid molecules may melt simultaneously (Mabrey 
and Sturtevant, 1976; Lee, 1977). In biological membranes 
(as opposed to pure lipid-water systems) this lipid phase 
transition is always broader, the cooperativity being 
reduced by the presence of heterogeneities of lipid polar 
headgroup and hydrocarbon chain structure, or in some cases 
by the presence of sterols, hopanoid or related molecules. 
The fluid-mosaic model was highly satisfactory, in that 
it embraced a wealth of experimental data within an 
elegantly simple hypothesis consistent with many of the 
properties of biological membranes. However, there remained 
a multitude of architectural and functional questions which 
were not immediately addressed. These issues included 
questions concerning: the function of the asymmetric 
distribution of lipid classes across the bilayer, the 
Significance of lipid polymorphism such as the 
bilayer~to-hexagonal II transition, the role ofthe multi- 
tudinous structural variants present in the lipid headgroups 
and hydrocarbon chains, the manner and consequences of 
lipid-protein interactions, the molecular details of 
transport iprocessesuand of information transduction across 
membranes through receptors, the role of the cytoskeleton 


and its attachment to membrane proteins, protein dynamics 
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and their importance to bioactivity, and the as yet 
ill-defined role of membrane carbohydrates. 

Perhaps the greatest single obstacle confronting the 
membrane biologist when attempting to approach the afore- 
mentioned issues is the! fact’ that the usual’ principles and 
practices applicable to regular solution systems are 
impractical in the case of biological membranes. 
Biomembranes are solid and/or liquid-crystalline composites 
wherein the mutual interactions between membrane components 
are often of more significance than external solvent inter- 
actions. It is for this reason that spectroscopic techniques 
have figured so largely in the investigation of membrane 
phenomena where they are able to provide, variously, both 
Structural and dynamic information. Membrane spectroscopic 
techniques may be conveniently classified into two 
categories: 1) those which depend upon the excitation of a 
naturally occurring intrinsic membrane component (i.e., 
infrared or laser Raman spectroscopy, nuclear magnetic 
resonance), and 2) methods which rely upon the signal 
anising from antlextrinsice" reporter’ groupreor “probe” 
(fluorescence, electron spin resonance). In fact, most 
Spectroscopic methods per se have been applied in both 
senses. 

Nuclear magnetic resonance (NMR) is one spectroscopic 
method capable of providing information on molecular 
Structure and conformation as well as molecular motions and 


rate processes. A list of NMR-approachable membrane problems 
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culled from the literature would include studies of the 
pementattony;emobibityeand: bateralodiffusionsof \fatty acyl 
chains as well as the conformation and dynamics of lipid 
headgroups, the investigation of transmembrane lipid 
flip/flop and of the interactions of small molecules such as 
cholesterol and anaesthetics with the lipid bilayer, the 
functioning of ion channels, of membrane fusion and 
fusogens, and more recently studies of protein-lipid inter- 
actions and the structure and dynamics of proteins in 
membranes (Jardetzky and Roberts, 1981; Jacobs and Oldfield, 
1981). 

At this point I would like to review the contribution 
of NMR to our understanding of the configuration and 
mobility of membrane fatty acyl chains, this topic being of 
Singular relevance to the goals of the research to be 


described: tine thise thesis: 


‘H-NMR 

Both sonicated and unsonicated lipid systems have been 
studied via ‘H-NMR and the spectra obtained in the two 
Situations are qualitatively different. When gently 
dispersed in excess water, phosphatidylcholines (PC's) 
spontaneously form large multilamellar liposomes. With 
sonication small unilamellar vesicles can be formed. The 
differences in the resolution of the ‘H-NMR spectra between 
these two systems may be attributable to the vesicle size 


difference and the greater averaging of dipolar interactions 
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which accompanies the rapid tumbling of the smaller 
sonicated vesicles (Wennerstrom and Lindblom, 1977). 

In the relatively high-resolution 'H-NMR spectrum of a 
sonicated dispersion of PC in excess water, it is possible 
to assign many individual resonances such as the fatty acid 
methyl terminal, fatty acid methylene and choline N-methyl 
protons. Chapman (1968) was able to draw a number of 
important qualitative conclusions from the study of similar 
systems. It was apparent from the temperature dependence of 
the ‘H-NMR spectrum that the lipid bilayer existed in one of 
two states, a low temperature, quasSi-crystalline state 
characterized by broad spectral lines (linewidth, 

Av > 10°Hz) or a high temperature, quasi-liquid state 
characterized by much narrower spectral lines (Av < 100 Hz). 
The transition between these two states occurred abruptly at 
a temperature which was dependent upon the chemical 
Structure of the component lipids, tending to be lower with 
unsaturated lipids: It could’ be concluded as well that ‘the 
lipids in the quasi-liquid state experienced an appreciable 
mobility reflected in the much narrower spectral lines 
observed therein. Furthermore, it was evident from the fact 
that the methyl resonances of the fatty acids were much 
narrower than the methylene resonances that there must exist 
a gradient of mobilities within the lipid bilayer. 

The ‘H-NMR spectrum of an unsonicated dispersion of PC 
in excess water contains a single sharp central peak with 


unusually broad intense wings. This characteristic NMR line 
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shape is referred to as a superlorentzian. Since none of the 
individual component resonances are resolved the spectrum is 
difficult to analyze quantitatively. An interpretation of 
this line shape was presented by Wennerstrom and Lindblom 
(1977). The assumptions necessary to stimulate the super- 
lorentzian are in themselves informative. It is sufficient 
to state here that this line shape can be obtained if it is 
assumed that overall vesicle tumbling is slow, that long- 
axis rotation of the lipid molecules is fast enough to 
provide effective cylindrical symmetry and reduce inter- 
molecular interactions to near zero, and that the super- 
lorentzian is a Superposition of individual gaussian lines 
from lamellae assuming random orientations with respect to 
the magnetic field, the strength of the interaction scaling 
as (3 cos?6-1), where @ is the angle between the magnetic 
field and the axis of cylindrical symmetry. 

The low-temperature ‘H-NMR spectrum of unsonicated 
aqueous dispersions of PC shows a broad featureless signal 
which is no longer superlorentzian, indicating an absence of 
effective cylindrical symmetry (i.e., slow rotational 
diffusion) and a non-zero intermolecular interaction (i.e., 
Slow slateral diffusion) (Chapman, 1968). 

It is possible to obtain more quantitative information 
from the ‘H-NMR spectra of lipid dispersions by performing a 
moment analysis of the type reported by MacKay (1981) or by 
Kimmich et a]. (1983). However, one is still restricted to 


conclusions regarding the overall motions of the lipid 
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molecules rather than being able to selectively probe 
particular locales. Briefly, the moment analysis measures 
the extent of molecular motions by comparing the 
experimental spectral moment for a particular situation 
(Mnx lawith ithat icalculated /for «the tmigid-hattice cases (Since 
molecular motions will tend to average the parameters of 
interaction, the experimental or residual moment will be 
reduced from the calculated rigid-lattice moment in 
proportion to the type and extent of particular motional 
modes. McKay (1981) was able to resolve the second moments 
(Mo+) of the hydrocarbon chains and headgroups of DPPC by a 
comparison of DPPC vs chain-perdeuterated DPPC. The value of 
M2, for the hydrocarbon chains was observed to decrease by 
more than an order of magnitude over the temperature range 
oO boaSouG ‘withetwotsharprdrops. icone rat athe cBPPGepnes 
transition temperature of 35.5°C, and the other at the main 
transition temperature of ~41°C. It was possible to conclude 
that even in the low temperature quaSi-crystalline state the 
lipid molecules experience a considerable degree of motional 
freedom, probably due to molecular rotations and rotational 


isomerizations of the methylene chains. 


'3C-NMR 

Considerably more detailed information on the molecular 
motions present in the lipid components of membranes has 
been obtained via '*C-NMR using either natural abundance or 


specific enrichment techniques. It is therefore possible to 
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observe and characterize the '*C resonance line for each and 
every 'icarbon*atom. in the lipid «molecule: In particular, it 
was Clearly evident even in the first '°?C measurements on 
sonicated dispersions of DPPC that a gradient of longi- 
tudinal relaxation times (T,) existed from the carbonyl 
headgroup of the fatty acid chain towards the methyl 
cetminusi(Metcaliiever al onr197: "bevine vet lalhas, 1972) 4 The 
spin-lattice relaxation time, T,, quantitates the rate at 
which the z component of the net magnetization (that 
component aligned perpendicular to the external magnetic 
field in a 3-dimensional coordinate system) returns to its 
equilibrium value following excitation by a radio frequency 
(rf) pulse. The relaxation occurs through an interaction 
with local oscillating magnetic fields which are present in 
the nucleus' immediate surroundings or lattice. Relaxation 
mechanisms depend on molecular motions and relaxation 
meaSurements can thus provide an insight into these motions. 
When discussing molecular motions it is important to 
distinguish the properties of order and mobility (Seelig, 
HOUT] hatFheheoncept cof’ molecular order Crefersetosthe 
geometric constraints on the amplitude of particular 
motions, while mobility refers to the rates at which 
particular motions occur. The two are not necessarily inter- 
dependent in that it is possible to observe instances in 
which high order is associated with greater mobility and 
vice versa. The gradient of relaxation times observed by 


'3C-NMR must be considered to reflect both order and 
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mobility effects, the difficulty being to distinguish the 
two. If the rates of motion are constant along the length of 
the acyl chain, then amplitudes must increase towards the 
methyl terminus and, similarly, if order is constant then 
mobilitySmust increase towards the chain ends. In fact, as 
discussed by Lee et a]. (1976), either of these models or a 
hybrid, in which both order and mobility change, could 
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7H-NMR 

A greater distinction between order and mobility is 
possible using *H-NMR techniques. When specific protons are 
replaced by deuterons it 1S possible to characterize both 
the order and mobility at specific locations in the lipid 
molecule in a nonperturbing fashion. For these reasons, 
7H-NMR has proven to be the most powerful and productive 
approach applied to membrane lipids. 

In an unoriented sample (i.e., in most membrane 
preparations), the deuterium quadrupole interactions which 
dominate the spectrum give rise to a characteristic powder 
pattern. The spectrum has two peaks, the separation of which 
is termed the deuterium quadrupole splitting, Avq, which is 
in turn used to calculate the deuterium order parameter, 


Sepi according to 


Avq = (3/4) (e?qQ/h) Sep [1] 
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where e’qQ/h is the static deuterium coupling constant 
(Seelig, 1977; Seelig and Seelig, 1980). Scp iS a measure of 
Behe ‘motionalisanisotropy ofthe: C-Dibond and cis related to 
the average amplitude of motion by the equation: 

Sep) 2si2 (20 ds 28> 1) [2] 
where B 1S the angle between the C-D bond vector and the 
direction of the bilayer normal and the bar denotes the time 
average. Measurements of Scp provide structural or 
configurational information. Deuterium NMR relaxation time 
measurements shed light on the dynamics of the lipid 
molecules, permitting a distinction between order and 
mobility. However, the slow motion effects manifest in the 
7H-NMR Spectra of gel-state lipids do not permit the 
application of an useful order parameter formalism in the 
gel state (Davis, 1983) and this is one significant short- 
coming of ?H-NMR. 

When DPPC was deutero-labelled in both fatty acyl 
chains at the C-2 segment next to the carbonyls, the *H-NMR 
spectrum showed three doublets of quite different 
Separation. By labelling the chains individually the largest 
Signal could be assigned to the sn-1 chain while the two 
smablerésignals were ‘assigned to the sn-2 chain (Seelig and 
Seelig, 1975). It was concluded that the two chains of DPPC 
were physically inequivalent and adopted different average 
conformations in the liquid-crystalline bilayer. In fact, 
Similar splitting behaviour has been observed at the C-2 


segment for phospholipid bilayers composed of different 
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headgroups (choline, ethanolamine, serine) and fatty acids 
(saturated and unsaturated) (Seelig and Browning, 1978), as 
well as in natural membranes enriched with C-2 deuterated 
fautey acuds, sucht as Escherichia coll (Gally et al.,° 1979) 
and Acholeplasma laidlawii B (Stockton et a]., 1977; Rance 
ete alii,ed980).. 

The underlying molecular picture was revealed through a 
Quantitative analysis of these quadrupole splittings (Seelig 
and Seelig, 1975; Schindler and Seelig, 1975). It could be 
concluded that the sn-1 chain is extended perpendicular to 
the bilayer surface at all segments while the first CH, 
segment of the sn-2 chain is oriented parallel to the 
surface of the membrane, the chain subsequently bending 
Sharply to permit a perpendicular orientation of the 
remaining methylene segments. These conclusions were 
conftirmedsbyeneutronl diftfiractionsilZaccaiyer ait 1979 Buldt 
and Seelig, 1980) and X-ray structural studies (Hitchcock 
Cte alagmeo? 4m Pearson) and Paschers 119799 .* Thus,i at? would 
appear that the configurational peculiarity of the sn-2 
chain is an ubiquitous phenomena independent of the physical 
State of the lipid and typical of both model and biological 
membranes. 

A quantitative characterization of the local 
orientational order along the entire length of the acyl 
chain is possible with *H-NMR by selectively labelling each 
segment of the hydrocarbon chain and measuring the order 


parameter, Scp, of the individual segments. The measured 
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value of Sap can be related to the molecular order parameter 


Swen accords ngatos 
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The molecular order parameter is intended to quantitate the 
amplitude of the average fluctuations of the acyl chain 
about an axis perpendicular to the plane of the bilayer 
(i.e., parallel to the bilayer normal). If the acyl chains 
are fixed in an all-trans configuration aligned parallel to 
the bilayer normal and rotating only about their long axis, 
then Smo1 = 1. At the other extreme of completely 
Statistical movement through all possible angles, then 

Smo1 = 0. For extenSive discussions of these concepts, see 
Seelig (1977) and Seelig and Seelig (1980). 

The order profile of the lipid bilayer (that is, the 
variation of the order parameter, Smo1, with the position of 
the segment in the chain) has come to be recognized as the 
Msagnature"eofétheslipidsbilayer: The order profilesof DPPC 
in the liquid-crystalline state is characteristic in that 
values of 9SAo, arewrelatively; constant from carbon atoms 2-9 
and thereafter decrease towards the methyl terminal. Thus 
the methylene segments near the end of the chain experience 
far greater amplitudes of angular fluctuation than those 
closer to the carbonyl headgroup (Seelig and Seelig, 1974). 
It may be further concluded that, although the hydrocarbon 


mteriorrofuthe tbilayerrissliquidzlikewinathe liquid- 
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crystalline state, there is still a considerable degree of 
organization and ordering present, since values of Smo, 
average approximately 0.35. Of course, very small average 
values of the order parameter would be inconsistent with a 
bilayer structure. 

It is interesting to note that beyond the C-4 segment, 
only a single quadrupole splitting is observed per methylene 
segment even when both fatty acyl chains are deutero- 
labelled, indicating that the two chains are approximately 
motionally equivalent over most of their length. 

The considerable effort required to synthesize 
selectively deuterated phospholipids has restricted the 
range of different lipid structures investigated to date. 
Nevertheless a representative collection of different lipid 
classes can be assembled. These include PC's containing 
various fatty acyl substituents such as dipalmitoyl (Seelig 
and Seehig) ©1974, 1975)ipedimyristoyl=(Oldfield et al., 1978 
a,b), palmitoyl-oleoyl (Seelig and Seelig, 1977; Seelig and 
Waespe-Sarcevic, 1978), palmitoyl-elaidoyl (Seelig and 
Waespe-Sarcevic, 1978) and di-dihydrosterculcoyl (Dufourc 
ebdalen t983)seastwell as dipalmiitoy] phosphatidyl serine 
(DPPS) (Seelig and Browning, 1978; Browning and Seelig, 
1980), dimyristoyl phosphatidylethanolamine (DMPE) (Marsh 
enol anetos3)ianddaaghycolipid, (Skarjune and Oldfield; 
$9:29).s ‘To allLirstilapproximation it.can be statedmthatythe 
order profiles observed in each of the bilayers composed of 


these various lipids were similar, showing an initial 
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plateau region of relatively constant order preceding a 
progressive decrease in order toward the methyl terminal. 
Injorder to permrt a direct comparison «between ta 

variety of lipid structures which differ widely in the 
physical state that they assume at a given temperature, it 
is necessary to refer to some common corresponding state. 
This 1S achieved by comparing the order profiles at a 


reduced temperature, T such that 


1g , 


Recs Cl Bets [4] 


where T is the measuring temperature and T, is the 
temperature of the particular gel to liquid-crystalline 
phase transition. When such a comparison was made by Seelig 
and Browning (1978) it was immediately apparent that, 
despite large differences in chain and headgroup chemistry 
and regardless of the absolute temperature of the main lipid 
phase transition, the overall order and the order profiles 
were very Similar in each of these diverse lipid structures, 
provided they were compared at identical values of the 
reduced temperature. 

These similarities in the order profile are carried 
over from model membranes to biological membranes. E£. coli 
membranes enriched with deuterated palmitic or oleic acid 
(Gally et als, 1979), as well as A. laidlawii Bomembranes 
enriched with deuterated myristic (Jarrell et a]., 1982), 


palmitic (Stockton et al., 1977), oleic (Rance et al]., 1980) 
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or -dihvydrosterculic™ (Jarrelit@ereay 491983) bfattyeacids® have 
been characterized by *H-NMR. When the order profiles from 
these biological membranes are compared at a reduced 
temperature they are nearly identical to those of the 
Synthetic model membranes. 

While the similarities between the order profiles 
obtained under such a remarkably diverse set of conditions 
are striking, the differences in order are worthy of note. 
The order profile itself is subject to some variation due to 
the presence of specific structural substituents within the 
fatty acid chain. When the order profile of deuterated 
palmitic acid incorporated into POPC was compared with DPPC 
it was apparent that the presence of a cCis-double bond had 
induced a local stiffening in the adjacent palmitic acid 
chain reflected in an increased order parameter in the 
region C-5 to C-9 (Seelig and Seelig, 1977). Furthermore, an 
overall ordering effect of cCiS-unsaturation was evident 
along the entire length of the neighbouring palmitate chain. 

The order profile of the oleic acid chain itself was 
quite unusual, showing a pronounced dip or discontinuity at 
the location of the ciS-double bond (Seelig and 
Waespe-Sarcevic, 1978). A quantitative analysis showed that 
the dip in the Sqp profile was attributable to a fame On the 
C=C bond vector of 7-8° with respect to the bilayer normal. 
After correction for this geometric factor the molecular 
order parameters, Smo1, were identical to those observed in 


deuterated DPPC. This geometric consideration applies to the 
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Orientation of the cis-double bond in model systems, as 
described above, as well as in biological membranes since 
the same dip in the Sep order profile at the location of the 
double bond was observed in membranes from £. coli (Gally 

eG aninlio7o) tomeAeleidlawhh Be CRancéexvet tal op /t:980) 
enriched with deuterated oleic acids. 

An analogous geometric consideration was invoked to 
interpret the deuterium splittings observed with deuterated 
dihydrosterculic acid incorporated either synthetically into 
Bets a Dutourevetirah.., 11988:)rorebiosyntheticahly (into 
membrane lipids of A. Jaidlawii B (Jarrell et al., 1983). It 
was concluded that the C9-C10 vector of the cyclopropane 
ring-containing segment of 19:0cp,cA’® was tilted at 89° with 
respect to the bilayer normal. However, unlike the case of 
the cCis-double bond, when corrected for this geometric 
consideration the values of the molecular order parameter, 
Seo rpeimbehnetureinity hof ithe acychoprepyl] isubstituent fwere 
Substantially greater than those obtained in the case of a 
straight-chain saturated «fatty cacied. oitiwas, therefore, 
concluded that the cyclopropane ring acts as a boundary 
between two regions of the fatty acyl chain within the lipid 
bilayer: one region (between the carbonyl headgroup and the 
cyclopropane ring) having restricted amplitudes of motion 
and a second (between the cyclopropane ring and the fatty 
acyl methyl terminus) having a much greater degree of 


motional freedom. 
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It iS most interesting that the configurational and 
motional details of the fatty acyl chains elucidated via 
*H-NMR in model systems have been in each case confirmed as 
Sccurring aseweld, in :biological systemsssuch asvf. coli or 
A. laidlawii B membranes. Whether it be the unique 
configuration of the C-2 segment of the sn-2 esterified 
fatty acid, the shape of the order profile, the orientation 
©fip2a;CiS-doubleebondvorrof la cis-cyclopropylering 
Substituent, each phenomenon was observed in both biological 
and model membranes. It must be concluded that the 
Orientational chain order of the phospholipids is not 
extensively perturbed by the presence of membrane proteins. 

Although it has been noted earlier that the order 
profaietis characteristic of»fatty cacyl chain 
configurations, the overall order, that is the chain-average 
orientational order, is subject to some secondary variation 
as the structure of the lipid headgroup is altered. For 
example, Seelig and Browning (1978) compared the overall 
order observed in bilayers composed of DPPC with that of 
DPPS. When compared at a common reduced temperature the 
overall order of the DPPS bilayers was greater than that of 
the DPPC«bilayers. In a similar: study, Marsh et a]. (1983) 
discerned that lamellae composed of DMPE were overall more 
ordered than those composed of DMPC when the data was 
normalized with respect to the phase transition temperature. 
To put these observations in their proper perspective, it 


should be noted that the overall order of the palmitoyl 
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chain of POPC was greater than either DPPS or DPPC (Seelig 
and Browning, 1978) so that the presence of a single 
Cis-double bond more profoundly affected the overall order 
than, for example, the introduction of a net negative charge 
in the polar headgroup. 

In addition to measurements of the quadrupolar 
splittings, Avg, which furnish information about the average 
amplitude of the angular fluctuations undergone by the 
hydrocarbon chains, *H-NMR relaxation time measurements can 
provide information on the rates of segmental motion. Such 
measurements have been performed using selectively 
deuterated DPPC (Brown et a/]., 1979), on DPPC containing 
perdeuterated fatty acyl chains (Davis, 1979) or selectively 
deuterated stearic acids incorporated into egg PC vesicles 
(Stockton et a]., 1976). 

The dependence of the deuterium relaxation time, T,, on 
the segment position revealed a number of interesting trends 
also observed via '*?C-NMR relaxation measurements as 
described earlier. The glycerol backbone had the shortest 
relaxation time, implying that this portion of the molecule 
moves the slowest. In contrast, the longest relaxation times 
were observed for the methyl groups located at the fatty 
acyl chain terminus and quaternary nitrogen, indicating very 
fast internal rotations of these groups. The relaxation 
times of the two methylene segments in the headgroup of DPPC 
(or of DPPE or DPPS) were very Similar, indicating a 


strongly correlated motion of these two segments. The 
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relaxation times of the methylene segments of the fatty acyl 
chains were approximately constant over the region C-3 to 
C-9 and subsequently increased progressively toward the 
methyl terminus, indicative of a gradient of the rates of 
motion toward the center of this bilayer. 

Ultimately it is desirable to express the rates of 
these motions in terms of a correlation time, 7., for a 
particular motion. The following simplifications have 
generally been employed when converting deuterium relaxation 
times into correlation times. Since all T, values increase 
with increasing temperature, it is assumed that the 
correlation time falls into the so-called short correlation 
time regime with wg7r3< < 1, where wo is the measuring 
frequency in rad/sec. It is further assumed that the motions 
responsible for the relaxation can be described by a single 
correlation time, tc. If these assumptions hold then the 
following expression relates the relaxation time, the order 
parameter and the correlation time (Seelig, 1977; Davis 


et al., 1978): 


2 2 
i 
ae 3 (€a2} (1-se0 ) * (5] 


As with the ‘°C relaxation measurements, the 
deuterium T, relaxation times depend on both the ordering 


and rate of motion. The measurement of both deuterium order 
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parameters and relaxation times thus permits a distinction 
between rate and amplitude or mobility and order. When the 
motional correlation times were derived using the above 
equation and compared with the order parameters as a 
function of segment position, the shapes of the order and 
correlation time profiles were very similar. Correlation 
Eames,varied.from.about 8.x 1071'.sec..in-the C-3. to C-9 
Plabeaurregiona(S-pr” (Ow2dy to, 34% 105i Agsecuyfiorsthe,g-15 
segment (Sap ~0.04). It can be concluded therefore that in 
the hydrophobic interior of the lipid bilayer order and 
mobility are generally correlated. 

Davis (1979) inferred from the fact that his measured 
Spin-spin (T,) relaxation values were much less than the T, 
values, that the motions in the lipid bilayer would be 
better described by two correlation times: Tr; and T2 with 
T4.5< 1fwo <<r2. Brown.et al. (1983) studied the.frequency 
dependence of both ?H- and ‘°C-NMR T, values and concluded 


that the following relation applied, 


2 = [6] 


In this expression the constant A includes contributions 
from fast segmental motions (e.g. trans-gauche 


isomerizations) characterized by the correlation time rf. 
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The second constant B describes the contribution of slower 
GobPlective “fluctuations of the ‘bilayer (to ‘the tobserved 
relaxation. These motions were proposed to correspond to 
relatively long wavelength twist and splay bilayer 
disturbances of a cooperative nature. 

The preceding discussion of deuterium order and 
relaxation meaSurements has referred entirely to the liquid- 
crystalline state of the membrane lipids. When the sample 
temperature 1s lowered through the lipid phase transition, a 
quite broad component corresponding to gel-state lipid 
begins to appear in the *H-NMR spectrum. The gel-state 
component is superimposed upon the liquid-crystalline 
quadrupolar doublet indicating that the gel and liquid- 
crystalline state lipid are in slow exchange on the *H-NMR 
time scale. At approximately 20°C below the phase 
transition, the liquid-crystalline quadrupolar doublet has 
al butLdisappeared (Smith eb als, (1979+) Davis, 1983) this 
not possible to describe this broad gel state component of 
the *H-NMR spectrum in terms of a single order parameter, 
apparently because in the gel state the rates of rotational 
diffusion of the lipid molecules are insufficient to satisfy 
the criteria for axial symmetry on the *H-NMR time scale 
(Davis, 1983). Nevertheless, it is possible to glean 
information concerning chain motions from gel state *H-NMR 
Spectra through a moment analysis similar to that described 
earlier for the case of proton NMR. Since specifically 


deuterated probes are employed, it is possible to evaluate 
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the variation of the extent of motion with the chain 
position. For example, Davis (1983) reported that the first 
moment of the gel state spectra (25°C) of 1,2-[14,14-?H] 
DERG wasiMy, =edal9nx 10°S:' owhihesfors1)/2-(8;,8-7H] -DPPCy 

Ma Ses heexgi0.s0ro-Theesmatlentvalue: forthe C=94 sample 
indicated that even in the gel phase a head-to-tail gradient 
im chainnilesibalityswasystibbepresents“Bven atroocecethis 
gradient in the value of the first moment was still 
observed. Although detailed models involving restricted 
axial diffusion and limited trans-gauche isomerization have 
been proposed (Rice et a/]., 1981) to interpret the gel state 
7H-NMR spectrum and apparently lead to satisfactory spectral 
Stimulations, an evaluation of their correspondence to 
physical reality awaits the performance of systematic 
relaxation measurements in order to establish the timescales 


eficthieatrelevantimotions i (Davis, C1983: 


'?F-NMR 

Fluorine offers certain distinct advantages over other 
commonly employed nuclei in the study of membrane hydro- 
carbon chain mobilities. By virtue of its large magnetogyric 
ratio, it is much more sensitive in the NMR experiment than 
either 7H or ‘°C and nearly as sensitive as the proton. 
Since the natural abundance of fluorine in a membrane is 0%, 
there are no complications arising from multiple overlapping 
resonance lines such as those which obscure ‘H-NMR and 


natural abundance '*?C-NMR spectra. The synthesis of 
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specifically fluorine-labelled fatty acids is relatively 
Simple and inexpensive (unlike specific deuteration or '3C 
enrichment) and permits the location of the nuclear spin 
probe in the membrane to be predetermined. Both monofluoro- 
and geminal difluoro-labelled fatty acids have been studied 
and will be considered separately. 

Ho and co-workers have been the foremost proponents of 
the use of gem-difluoro fatty acids. Gent et al]. (1976) 
measured the spin-lattice relaxation times and Nuclear 
Overhauser Enhancement (NOE) in preparations of 
21670-2268 718F 31620-PCrinserder tovobtaimn correlation times 
for specific motions involving the gem-difluoromethylene 
group. It was concluded that the major relaxation mechanism 
was through dipole-dipole interactions and that chemical 
shift anisotropy made only a very minor contribution. The 
calculated correlation time for CF2z rotation, although of 
the same order of magnitude as the correlation times for CH; 
rotation obtained from 'H and '°C data, was significantly 
larger indicating that the two fluorine atoms might somewhat 
hinder the motion of that chain segment. 

Gent and Ho (1978) were able to analyze the fluorine 
spectra of various gem-difluoromyristic acids intercalated 
into lamellae of DPPC in terms of chemical shift anisotropy, 
dipole-dipole considerations and the orientation dependence 
of these two interactions. The fluorine spectra were demon- 
strated to be sensitive to temperature and to accurately 


detect the lipid gel to liquid-crystalline phase transition. 
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When biosynthetically incorporated into the membrane lipids 
of E. coli, the same dependence on temperature and the lipid 
phase transition was detected whether in whole cells, 
isolated membranes or lipid extracts. 

Post et al., (1981) developed a pulse sequence which 
eliminated all broadening due to chemical shift anisotropy 
and H-F dipole interactions in the fluorine spectrum of 
1,2-di-(4,4-F.14:0)-PC's. The resulting spectrum was a Pake 
doublet due entirely to F-F dipole interactions. The 
separation of the two peaks of the doublet was proportional 
to Spr and it was demonstrated that values of Spr were in 
close agreement to values of Sap obtained under similar 
conditions. Using macroscopically oriented bilayers of PC's 
containing esterified gem-difluoromyristic acids, Engelsberg 
et al. (1982) demonstrated the orientation dependence of the 
fluorine chemical shift, obtaining a value of 64 ppm for the 
observed chemical shift anisotropy. By analogy with the 
experiments of Post et a]. (1981), upon removal of the 
broadening due to chemical shift anisotropy through macro- 
scopic orientation of the bilayers, the remaining, 
predominantly F-F dipole interactions were manifest as a 
Pake doublet. The separation of the peaks of the doublet was 
orientation dependent and could be used to calculate a value 


Olas which was in good agreement with values of S.p- 


FF 
Despite this progress in understanding the interactions 


which contribute to the fluorine spectrum of gem-difluoro 


fatty acids and the extraction of information therefrom, 
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concern has been expressed regarding the perturbing effects 
of the gem-difluoro group itself. Sturtevant et a]. (1979) 
performed differential scanning calorimetric (DSC) measure- 
ments on«PC's containing ’a number of positional isomers of 
gem-difluoromyristate. The phase transition temperature 
relative to DMPC was elevated by 5°C when the difluoro group 
was located at the 4-position and reduced by 7.4 and 3.8°C 
when located at the 8- or 12-positions, respectively. The 
transition enthalpies were always approximately double that 
of DMPC. Furthermore, the difluoro-containing PC's exhibited 
markedly nonideal mixing behavior with their nonfluorinated 
analog DMPC. Longmuir et a]. (1977) also reported that the 
transition temperatures of di-(7,7-F2-18:0)-PC and 
di-(12,12-F2,-18:0)-PC were reduced by 10 and 6°C, 
respectively, in comparison to that of DSPC. Oldfield et al. 
(1980) acquired the H-NMR spectrum of 1-myristoyl-2- 

A222 LAL, PRAIL, Pla THES hyroies° PAT mynirstoyl=Pcl The 
quadrupolar splittings of the deuterons adjacent to the 
gem-difluoro group were reduced by approximately 30%, 
relative to the values obtained at the same position ina 
nonfluorinated analog. In addition to these physical 
evaluations of the perturbation associated with the 
gem-difluoro group, the studies of Gent et al., (1978,1981) 
indicate that there are biochemical and biological 
consequences as well. An unsaturated fatty acid auxotroph of 
E. coli was able to incorporate difluoro-containing myristic 


acids but growth was inhibited when levels of incorporation 
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exceeded 20% and these fatty acids were unable to support 
growth for more than two generations. Moreover, there were 
marked changes in the protein/lipid ratios and transport 
properties of these membranes. 

Monofluoro-substitution has proven to be much less 
perturbing than difluoro-substitution while retaining all of 
the potential advantages inherent in the fluorine nucleus. 
Birdosaliser al... (19/71) first characterized the. linewidths: of 
monofluorostearic acids intercalated into egg PC vesicles as 
a function of '’F substituent position and temperature. The 
linewidths were observed to increase with decreasing 
temperature and to decrease steeply toward the terminal 
methyl group of the alkyl group. These changes could be 
attributed to the molecular motion of the chain in the 
bilayer although no quantitative analysis was attempted. 
Esfahani et al]. (1981) incorporated 16-monofluoropalmitic 
acid into yeast cell membranes and observed that 
qualitatively the fluorine spectral linewidth decreased upon 
isolating the membrane lipids. 

A systematic evaluation of the acceptability of 
monofluoropalmitic acids as membrane probes was undertaken 
by McDonough et a/. (1983) by applying physical, biochemical 
and biological criteria. DSC studies of various isomeric 
monofluoropalmitic acids synthetically incorporated into 
PC's demonstrated that a monofluoro-substituent near the 
carbonyl group of palmitic acid had only a modest effect on 


the thermotropic behavior of the PC's and that substitutions 
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in the center or towards the methyl terminus had very little 
effect on the Tm relative to DPPC. Furthermore these 
monofluoro-substituted PC's exhibited nearly ideal mixing in 
all proportions with DPPC. The monofluoropalmitic acids 
-(MFPA) could replace up to:-80% of the membrane glycerolipid 
fatty acids of A. lJaidlawii B without affecting growth or 
survival of this orgamism.- The presence of these compounds 
did not alter the polar HEA osate composition or 
lipid/protein ratio of the A. laidlawii B membrane. More- 
over, all MFPA's tested were biosynthetically incorporated 
as well as palmitic acid itself and distributed equitably 
between the various membrane gkyco- sand tiphespholiprds + bit 
was concluded that mono-fluorinated palmitic acids are 
conSiderably less perturbing than geminal-difluorinated 
fatty acids. | 

Macdonald et al. (1983) presented a quantitative 
description of the '°’F-NMR spectrum of MFPA's incorporated 
into membrane lipids of A. Jaidlawii B which permitted the 
determination of an orientational order parameter, Smo:1. It 
was demonstrated that the order profile obtained via '’F-NMR 
was qualitatively similar to that obtained via *H-NMR 
techniques. When small quantities of MFPA'sS were incorported 
in the presence of a large Bose of structurally diverse 
fatty acids, it was demonstrated that the order profile and 
temperature dependence of the order parameters were 
sensitive to the presence of these various chain structural 


substituents. For example, methyl-branch substitution 
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induced a local ordering while trans-unsaturation induced a 
local disordering effect. When compared at 37°C the order 
parameters from fatty acyl species to species varied 
inversely with increasing temperature above the particular 
phase transition. When normalized with respect to the phase 
transition temperatures, it was observed that those fatty 
acyl structures which were methyl-branched or trans- 
“unsaturated were generally more ordered than, for example, 
Strargnt—chain saturated fatty acids. "The utility of *°F-NMR 
of monofluorinated fatty acids as a nonperturbing, sensitive 
and versatile technique was convincingly demonstrated. 

If any one general conclusion can be drawn from this 
review of NMR techniques as applied to membrane fatty acyl 
chains, it is that no one nucleus and no single NMR 
methodology provides all the answers. Rather the information 
provided by various techniques complements and enhances that 
obtained from another. Analysis of *'P spectra of phospho- 
lipid dispersions can furnish insights into the overall 
motions of the lipid molecules and of the headgroup region 
in particular, but’ more specific Pnformation requires that 
other nuclei be observed. In principle, an order parameter 
Can ‘be ‘extracted from analysis of."H, '*C’ and ‘’F NMR 
spectra but the overlap of methylene resonances in ‘'H and 
natural abundance ‘°C spectra permit only an average order 
parameter to be obtained (Hentschel et al]., 1978). The same 
proviso applies to the method of moments in ‘H-NMR and to 


proton relaxation measurements which are further complicated 
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by possible spin-spin diffusion effects (Petersen and Chan, 
1977). The synthesis of specifically deuterated or '?C- 
enriched lipids is time consuming and expensive but provides 
relatively unambiguous and detailed order and mobility 
information from spectral analysis and relaxation measure- 
ments. Even so, precise data is restricted to the liquid- 
crystalline phase. '°’F-NMR can provide information on both 
order and mobility at precise locations but concerns arise 
regarding the possible perturbing effects of the geminal- 
difluoro group. Even when these concerns are alleviated by 
the use of monofluorinated fatty acids, the spectral 
analysis is complicated by the necessity of considering both 
chemical shift anisotropy and dipolar interactions. 

It is clear that normal cell function requires fluid 
membrane bilayers. Altering membrane "fluidity" has numerous 
physiological consequences in the absence of any 
compensating regulatory mechanism. Studies of the relation- 
ship between membrane lipid fluidity and phase state and 
cell growth have established that a minimum level of 
membrane lipid fluidity is required for normal cell growth, 
that gel state lipid domains do not support at least some 
essential membrane functions and, that there exists some 
upper limit on membrane lipid fluidity compatible with cell 
growth (for a recent review, see McElhaney, 1984). Not only 
cell growth but also passive permeability and active 
transport across the membrane, aS well as the activities of 


membrane bound enzymes, are highly influenced by the phase 
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State and fluidity of the membrane lipids (for a review, see 
McElhaney, 1982a). 

Most organisms have developed mechanisms which enable. 
them to respond to environmental changes in such a fashion 
as tO maintain some constant level of membrane lipid 
fluidity and these are collectively referred to as 
"homeoviscous" or "homeophasic" adaption mechanisms. These — 
strategies most often involve alterations in the fatty acyl 
constituents of membrane lipids because this is the most 
effective means through which to modulate membrane lipid 
fluidity. While the relationship between altered fatty acid 
structure and changes in the temperature of the lipid phase 
transition has been firmly established using techniques such 
as di Reewshutalesdaiing calorimetry (DSC) (e.g., McElhaney, 
1982b), these studies provide few insights into the 
molecular details of conformation and dynamics which result 
in the observed fluidity changes. An appreciation of these 
molecular details is a prerequisite to resolving many of the 
fundamental issues confronting the membranologist. How do 
various fatty acyl structural substituents contrive to 
modulate the temperature of the lipid phase transition? Is 
there a common feature which relates various specific 
Structural substituents to the phase transition temperature? 
Is it possible to aadine some point at which membrane lipids 
become "hyperfluid" and incapable of functioning as 
biologically effective membrane constituents? These and 


other questions must be addressed by the application of 
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techniques sensitive to structural and dynamical parameters. 
The primary goal of the research to be described in 
this thesis has been to explore the relationship between 
fatty acid structure and the physical characteristics of 
membrane lipids. '°’F-NMR of monofluoropalmitic acids was 
chosen as the preferred spectroscopic technique because NMR 
techniques in general are capable of providing both 
structural-conformational and dynamic information, the 
synthesis of specifically monofluorinated fatty acids is 
relatively simple and inexpensive, and because these probes 
have been proven to be relatively non-perturbing, sensitive 
and versatile monitors of membrane lipid order, capable of 
discerning subtle effects arising from differences in fatty 
acid structure and physical state (McDonough et a/., 1983; 
Macdonald et a/]., 1983). In the interests of biological 
relevance and because of the ease with which a membranous 
venue is obtained, these studies have utilized membranes of 
A. laidlawii B in which to investigate the effects of fatty 
acyl structural variants. This organism has no cell wall and 
contains only a single membranous structure, the plasma 
membrane, so that the isolation of relatively homogeneous 
membrane preparations is facile (Razin, 1975). A. laidlawii 
B will readily incorporate a variety of exogenously supplied 
fatty acids (McElhaney, 1974) and, when de novo fatty acid 
biosynthesis is inhibited with, for example, the compound 
avidin, it is possible to produce membranes which are 


virtually homogeneous with respect to a particular fatty 
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acid (Silvius and McElhaney, 1978a). This property permits 
Cie Viatty acid tcompositt ion: and tthe physical state! ofthe 
membrane lipids to be controlled and varied over a wide 
range almost at will. "Homogeneous" membranes of A. 
Jaidlawii B may be considered in a sense as a bridge 
Between, On the -one hand, the artificiality of pure 
lipid/water systems and, on the other hand, the complex 
heterogeneity of conventional biological membranes. 

The studies to be described here may be divided into 
two categories. In the first section a mathematical 
description of the '*F-NMR line shape is presented which 
permits the extraction of an order parameter, Smo1- Included 
here are evaluations of the fidelity of the spectral 
Simulations employed, comparisons of the fluorine order 
parameters with those obtained using other techniques such 
as *H-NMR, and results which suggest that '’F-NMR may permit 
the characterization of gel state lipids in terms of a 
useful order parameter formalism. In the next category are 
those studies dealing with the effects of specific 
Structural substituents in the fatty acyl chains upon the 
fluorine spectrum of monofluoropalmitic acids. 
Representatives of each class of naturally occurring fatty 
acid have been investigated including straight-chain 
Saturated, unsaturated, methyl-branched, and alicyclic ring- 
substituted species. In combination with an independent 
evaluation of the physical state of the membrane lipids by 


DSC, these '*F-NMR studies have permitted the formulation of 
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apeunitied picture, of the manner, in which fatty acyl 
structure can modulate the physical properties of membrane 


lipids. 
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II. MATERIALS AND METHODS 


Materials 
Biochemicals 

The straight-chain saturated and trans-unsaturated 
fatty acids used in these studies were purchased from 
Nu-Chek Prep Co. (Elysian, Minn.). The isomeric series of 
CiS-octadecenoic acids were a kind gift of Dr. F.D. 
Gunstone, University of St. Andrews, Scotland, U.K. The 
cyclopropane and methyl-branched chain fatty acids were 
products of Analabs (North Haven, Conn.). Avidin was 
obtained from Sigma (St. Louis, Mo.) while bovine serum 
albumin (fraction V, fatty acid poor) was obtained from 
Miles Biochemicals (Elkhart, Ind.) and further delipidated 
as described by Chen (1967). Bacto-peptone, bacto-heart 
infusion broth and bacto-yeast extract were produced by 
Difco (Detroit, Mich.). Penicillen G was purchased from 


Ayerst Laboratories (Montreal, Quebec). 


General Chemicals 

The precursors used in the synthesis of the various 
isomeric monofluoropalmitic acids were purchased from either 
Aldrich Chemicals (Milwaukee, Wis.), Fisher Scientific 
(Edmonton AeAltas) ior cK band ‘K «(irvine, )CA)s9Tetrabutyl- 
ammonium iodide and silver fluoride, which were employed as 
precursors in the synthesis of tetrabutylammonium fluoride, 


were products of Aldrich Chemicals and ICN Pharmaceuticals 
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(Plainview, N.Y.), respectively. The various inorganic 
Salts, catalysts and organic solvents uSed were obtained 
from either Fisher Scientific, Aldrich Chemicals or Baker 
Chemicals (Phillipsburg, N.S.) and were of reagent grade or 
better. All solvents were routinely redistilled prior to 


LiSier. 


Chromatography 

Bio-Sil A (200-400 mesh) was purchased from Bio-Rad 
(Mississauga, Ont.) while silica gels G and H were obtained 
Prom se.rMerak: (Darmstadt, G.F sRidseBoth: BiworSil’ Ay and? ‘the 
Silica gels were washed with chloroform and methanol and 
dried prior to use. The gas chromatographic columns (10% 
diethylene glycol succinate on Anakron) were purchased 
prepacked from Analabs. The gases used (ultra-high purity 
hydrogen, eee or reads air, and purified grade helium) 


were obtained from Union Carbide Canada Ltd. 


Methods 
Growth of Acholeplasma laidlawii B 

Acholeplasma laidlawii B (originally obtained from Dr. 
G. Edwards, Wellcome Research Laboratories, Beckenham, U.K.) 
was cultured in a delipidated growth medium which was 
prepared as described by Silvius and McElhaney (1978a). This 
growth media was supplemented with 0.4% (w/v) bovine serum 
albumin, 0.25% (w/v) glucose and 10° I.U./litre of 


penicillen G prior to innoculation. Fatty acids were added 
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asesolut rons in la ssmall «quantity jofffethanol (703% tof the 
culture volume). Where applicable, avidin was added to a 
bevel ofasimg/litre?eCultures (were grown istatically at 37°C, 
with the exception of those supplemented with 18:1cA8, 9, 10 
eriti,end 19: 0eprcA9, which were tgrown sat 32°C: «Celli growth 
was monitored turbidometrically at 450 nm (Maniloff, 1969) 
and the cultures were harvested in late log phase by 


Sener tiugatronvatlisp000:xqytor tS mim cathe’ cx 


Membrane Isolation 

Harvested cells were resuspended in one-fifth culture 
VoLumecobe (pepuften’ 600:.154 MItNaCh, #0 205 «MeTris=HCL i120 aM 
B-mercaptoethanol, pH 7.4), recentrifuged, and the plasma 
membranes were then isolated basically according to the 
procedure of Pollack et a]. (1965). The cell pellet was 
resuspended in one-fifth culture volume of distilled water 
and incubated at 37°C for 30 min. This Suspension was then 
centrifuged at 8,000 x g for 10 min to remove debris and 
unlysed cells, the resulting supernatant was centrifuged at 
30,000 x g for 30 min to isolate the membrane fraction, and 
the pellet was washed once by recentrifugation from $-buffer 


diluted twenty-fold with 95% deuterium oxide. 


Nuclear Magnetic Resonance 
The membrane fraction isolated as described above was 
resuspended in a minimal volume (~1.5 ml) of 6-buffer 


diluted twenty-fold with 95% deuterium oxide. '’F-NMR 
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Spectral were ecollected* at: 254:.025 MHze on. ay Bruker HXS-270 
spectrometer, operating in’ the) Fourier. transform: mode/and 
using quadrature detection, at a spectral width of 
250, ,000THzZ.1 Besselo falters: witha filter widths of 
+ 100,000 Hz were employed. The probe was maintained at the 
specified temperature to within + 1°¢, Temperature variation 
was achieved by passing an air-stream over the cooling coil 
of a cryocool unit and subsequently over the probe and 
Sample. For very low temperature experiments the air flow 
was directed additionally through a stainless steel coil 
immersed in liquid nitrogen. An electric heating coil was 
used to balance the cooling of the airstream and achieve 
temperature control. Samples were equilibrated for 30 min at 
a particular temperature prior to data acquisition. 

A one pulse experiment was routinely employed to obtain 


'*F spectra and may be described as follows: 
[P2sA>D2>D5) i; (xt) 


P2 is the pulse length (corresponding to 15 usec or an 
approximately, 75. flip angle), A wsithe delay between? the 
pulse and data acquisition (equalling 10 usec or one dwell 
time), D2 is the acquisition time (set by the spectral width 
and corresponding to 20 msec in our case), D5 is the post 
acquisition delay which permits the fluorine nuclei to 
return to equilibrium prior to the next pulse (200 msec) and 


N corresponds to the number of repetitions. Typically 20 K 
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acquisitions were averaged for samples in which the 
acquisition temperature was above the lipid phase transition 
and 100 K acquisitions were averaged at lower temperatures. 
Theodrstortaon ofithelfirsththree pomnts’ ofthe! free 
induction decay (FID), which is associated with the receiver 
dead time, was corrected by a smooth extrapolation of the 
FID back to time zero such that the signal intensity of the 
early portion of the FID closely approximated a t? time 
dependency in the in-phase channel and at time dependency 
in the out-of-phase channel (Bloom et a/]., 1978). The 
Slgnal-to-noise ratio was enhanced with an exponential 
multiplication which corresponded to a line broadening of 
either 50 Hz or 100 Hz and the FID was Fourier transformed 
to 2 K data points in the real domain. Provided that the FID 
had been properly corrected for the receiver dead-time 
distortion, the final spectrum required only zero-order 
phase corrections and displayed no baseline distortion. 
Longitudinal relaxation times (T,) were measured using 
an inversion-recovery pulse sequence (Levy and Peat, 1975) 


which»can be written: 
Doni PAaDieP2-A-D25D5) 5 [62s] 


where P1 is the 180° pulse length (40 usec), D1 is the 
variable delay between the inversion and the sampling pulses 
(at least 8 to 10 different values of D1 were used per T, 


measurement), P2 is the 90° pulse length (20 usec), A is the 
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delay between the end of the sampling pulse and the 
begianingyictedatavacquisitioni(40 pséc) ,.D2sisathe 
acquisition time (20 msec), D5 is’the postsacquisition delay 
(800 msec) and N is the number of repetitions of the pulse 
Bequencet (typrcaliynag0; 000ratesd0°RK) . Thedfinablspectra were 
obtained as described above for the one-pulse experiment. 
The T, values were obtained by determining the slope ina 
ploOtl OLY inetSe-S qo bversus'towheretSouisethe® thermal 


equilibrium magnetization. 


Lipid Extraction 

After analysis by '*’F-NMR, the membrane lipids were 
extracted using a modification of the method of Bligh and 
Dyer (1959). The sample of interest was suspended in 8 ml of 
'B-buffer', 20 ml of methanol was added and the mixture was 
warmed to ~60°C for 10 min to denature the protein. 
Chloroform (30 ml), water (20 ml) and chloroform (40 ml) 
were then added sequentially, shaking the mixture thoroughly 
after each addition. The phases were separated by centrifu- 
gation, the upper (aqueous methanol) phase and the inter- 
facial material were removed by aspiration, and the lower 
(chloroform) phase was evaporated to dryness. This total 
lipid extract was applied in a small volume of chloroform to 
a column of Bio-Sil A (5-10 gms) packed in chloroform. The 
column was eluted with 5 column volumes of chloroform to 
yield the neutral lipids and then with 5 column volumes of 


methanol to yield the polar lipids. The polar lipid fraction 
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was evaporated to dryness, dissolved in a minimal volume of 
benzene, quick frozen, and placed under high vacuum over- 


night yielding a dry powdery sample of polar lipids. 


Differential Scanning Calorimetry of Lipid Samples 

The dry polar lipid samples obtained as described above 
were resuspended in either water or ethylene glycol/water, 
1:1 (v/v) by a combination of heating to 50°-60°C and mild 
vortexing. DSC endotherms were obtained using a Perkin-Elmer 
DSC-2 equipped with a thermal analysis data station (TADS) 
and subambient temperature cooling unit. Generally a heating 
Scan rate of 5°C/min was employed. Tm, AT;0-90 and 
transition enthalpies (when determined) were obtained using 


the partial areas program which accompanied the TADS unit. 


Fatty Acid Analysis 

The fatty acid composition of the polar lipid fraction 
was determined by gas chromatography as described by Silvius 
and McElhaney (1978b). Lipids were dissolved in anhydrous 
methanol (up to 10 mg/ml) containing 3% sulphuric acid and 
neac ted rform2ichritatc70°Cs'The codléd .réaction mixture “was 
mixed with 2 volumes of water and extracted twice with one 
volume of hexane which was dried (Na2SO,) and evaporated 
under nitrogen gas. The resulting fatty acid methyl esters 
were analyzed by gas chromatography on columns of 10% 
diethylene glycol succinate on Anakron in a Hewlett-Packard 


5700 A gas chromatograph. The signal from the flame 
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lonization detector (which is proportional to the mass of 
the organic compounds in the column effluent) was coupled to 
a Hewlett-Packard 3370B integrator for analysis. The fatty 
acid methyl esters were identified by their retention times 
in comparison with those of standards of known composition. 
Synthesis of Fluorinated Fatty Acids 

Mono-fluorinated fatty acids of the general formula 
CH;(CH,), CHF(CH,),COOH, where m + n = 13, were synthesized 
from the corresponding keto acyl methyl esters following a 
procedure modified from that of Birdsali.eft a]. (1971). The 
keto acyl methyl esters were built up from the appropriate 
precursors uSing a Grinyard condensation as described by 
Hubbell and McConnell (1971). The overall reaction pathway 


ts) outlined in Figure 1. 


Preparation of VI 

The commercially available dicarboxylic acids I(n), 
where ?n*=°6, “8° 10’ 6r’' 12) “wetéent Prst .converted tothe 
corresponding di-methyl esters, II(n), and subsequently to 
the corresponding acid ester, III(n), by the methods of 
Jones (1947) and purified by vacuum distillation. The acid 
ester, DIl (4), was obtained. commercially. The acid esters 
were converted in good yields to acid chlorides, IV (n), 
using thionyl chloride as described by Morgan and Walton 
(1935), the excess solvent and thionyl chloride were removed 


by distillation, and the acid chlorides were used 
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I(n) HOOC(CH>) ,COOH 
II(n) CH300C (CH2) ,COOCH3 
III(n) HOOC(CH>2) ,COOCH3 


CH3 (CH2) ,Br IV(n) C10C(CH2) ,COOCH3 


VI{m,n)  CH3 (CH2) mCO (CH2) ,pCOOCH3 
VII(m,n)  CH3 (CH2) mCOH (CH) ,COOCH3 


VIII(m,n)  CH3 (CH2) mC (SO2CH3) H (CH2) pCOOCH3 ~ 


IX(m,n) CH3 (CH2) mCFH (CH2) nCOOCH3 


X (m,n) CH3(CH2) mCFH (CH2) ,»>COOH 


IX (m,n) CH3(CH2) m—} C=C (CH2) nCOOCH3 


X (m-1) CH3(CH2)m-jCOOH X(n) HOOCtCH2) ,COOCH3 


Figure 1: 


Chemical synthesis of the monofluoropalmitic acids. 
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immediately without further purification. 

ane, eutirerseries of alkyl bromides V (m)”. where m = 1; 
Sree 7 OL 9, Were acquired commercially and condensed in a 
Grinyard reaction with the appropriate acid chloride IV (n) 
exactly as described by Hubbell and McConnell (1971) to 
yield the keto acyl methyl ester VI (m,n). The yield from 
this reaction averaged 40%. The keto acyl methyl ester 
products were purified by two recrystillization from hexane 


followed by silicic acid column chromatography. 


Preparation of X (m,n) 

The keto acyl methyl esters VI (m,n) were converted to 
monofluorinated fatty acids X (m,n) using the reaction 
scheme outlined by Birdsall et a]. (1971). The ketone 
function was first reduced to a hydroxy function using NaBH, 
(yield) 90%) and the reaction. product, VII (m,n), was 
purified by silicic acid column chromatography. The hydroxy 
derivative was then mesylated using methane sulfonyl 
chloride in the presence of triethylamine, and the mesylated 
fatty acyl methyl ester XIII (m,n) was extracted into 
methylene chloride, concentrated in vacuo and used without 
further purification (yield: ~98%).; This mesyl derivative was 
dissolved in dry acetonitrile in the presence of five 
equivalents of dry tetrabutylammonium fluoride and reacted 
for three days at room temperature to yield 30-40% of a 
monofluoropalmitic acyl methyl ester, IX (m,n). An 


unsaturated fatty acyl methyl ester IX (m-1,n) was a major 
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byproduct of the fluorine substitution reaction and was 
removed by Oxidation to a short chain fatty acid, xX (m=1), 
and an acid ester, X (n) using the Von Rudloff procedure 
(Christie, 1973). The monofluoropalmitoyl methyl ester was 
readily separable from the products of the Von Rudloff 
oxidation by a combination of acid-base extraction, crystal- 
lization from acetone and then hexane, followed by silicic 
acid column chromatography. The methyl ester was converted 
to the free monofluoropalmitic acid X (m,n) by heating in 
methanolic KOH (Silvius and McElhaney, 1978b) and was then 
crystallized from 70% ethanol in water. The purity was 
estimated to be greater than 99.9% as judged from the 
results of analytical thin-layer and gas-chromatographic 


analysis. 
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EL). THEORY 


General 

The dominant interactions in the NMR experiment for a 
spin 1/2 nucleus such as fluorine or phosphorus are the 
Zeeman coupling to the external magnetic field and dipolar 
interactions between spins (Wennerstrom and Lindblom, 1977). 


The spin Hamiltonian may thus be written: 
Ho= Hy + Hy bis] 


Since the Hamiltonian is orientation dependent, in the 
presence of molecular reorientations it will vary with time. 
The time-independent part, Ho, determines transition 
frequencies and intensities while the time-dependent part, 
H,(t), determines relaxation and line-broadening effects. 


Formally one can write: 


He oes itia | t) [2] 


Po = eee ee land. fy (t)=U57)s Bp p) [3] 


The bar denotes an average over a time that is long compared 
to the inverse of the coupling (in Hertz) that is modulated 


by the motion. H,(t) is defined so that it has zero time 
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average. 


Chemical Shift Anisotropy 


The Zeeman coupling is 


[4] 


a 
T 
| oma 
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ae 


and is influenced by the chemical shift tensor, o, which 
contains both orientation-dependent and orientation- 
independent terms. The following discussion is based 
primarily on the work of Niederberger and Seelig (1976). The 
components of the static chemical shift tensor of the 
fluorine nucleus in a monofluoropalmitic acid will be 
denoted with o',, (k = 1, 2, 3). These components are 
defined as follows: o'33 lies along the C-F bond direction, 
o'22 18 perpendicular to o'33 in the H-C-F plane, and o',, 
is parallel to the normal to that plane coincident with the 
long axis of the fatty acyl chain (see Figure 2). In 
solution, due to the rapid reorientations of the molecule, 
only the average value o';, (corresponding to the resonance 


frequency v,) is observed 


Ci Sey BO! ay FO Oi, = eae ang) [5] 


The motion.cf the fatty acyl chain in’ a lipid bilayerais, 


however, anisotropic and may best be described as a rapid 


reorientation about the molecular long axis perpendicular to 
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Pie wolane Oflthe bilayer (i.é6.,.axial symmetry)... The 


observable chemical shift is then given by: 


' 2 : 3cos* 6-1 
OF = 10) + = O [6] 
penege eaoxbtS2ey°s}| 
with: 
oe SO St OF! oo Serr te as St) (ea) 


The term @ represents the angle between the magnetic field 
and the axis of motional averaging (i.e., the normal to the 
bilayer), while S,, denotes the order parameter of the kth 
axis (Saupe, 1964). Only two order parameters are 


independent since 


The motional averaging in a lipid bilayer (cylindrical 

Or axial symmetry) confers a pseudo-axial symmetry upon the 
chemical shift tensor. Therefore one can State: 

Giaieed tt [9] 


and: 


Clee teen > micas al as ae) [10] 
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The presence of this axis of symmetry dictates that 
S22 = S33 and only.a Single order parameter remains 
independent and is therefore sufficient to define the order 
of the entire coordinate system. Consequently, the observ- 


ableAchemicalishifts can be written: 


a OG + a? Be a 
and: 
Oy sit ala [12] 


The resonance frequency is then: 


v= v4 - v, (3cos*6-1 (ees 
Z 
where: 
MOSS Py 2 y0 A [14] 
a aos 


with vo equalling the instrumental fluorine frequency. 
Equation 13 defines the resonance position for any one 
orientation of the planar bilayer with respect to the 
external magnetic field, Ho. If the bilayers are distributed 
at random, as inca suspension of membrane fragments, all 
orientations are possible and the shape of the resulting 


"powder-type" spectrum is the sum of the resonances of all 


situ ® 
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possible orientations, @. 

Hiriss possible ito: define, a, probability. €unctiongap(y). 
So that p(v)dv describes the fraction of spins with 
Pesonance frequencies between vy and p + dy. pr is found to 


be (Abragam, 1961) 
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[15] 


This probability function defines the overall shape of the 
"powder-type" spectrum in the absence of dipolar line- 
broadening interactions. For example, when @ = 0°, 

pero 13 fawhene hie 54-44%, oly ely iend when) Ox: = 90° 


Plv)ac. 


Dipolar Interactions 


The, H-F dipolar icoupling’is: 


W, i “~~ “~S 
An = Gs) YF h Ling (3cos*44-1) (14-14-3Lizl4z) [16] 
where the summation is performed over all F-H pairs, rj,j 1s 


the F-H internuclear distance and wy is the angle between the 
external magnetic field and the F-H internuclear vector 
(Griffin, 1981). It is convenient to separate the dipolar 


Hamiltonian into time-dependent and time-independent terms 


(Bloom et a]., 1975). 
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For cases in which Hp # O, the experimental line shape will 
be governed by Hp, which contains both orientation-dependent 


and orientation-independent terms: 


A. =H + H [18] 


ime the Giiquid-crystalline state rapid diffusion of the lipid 
molecules effectively reduces intermolecular H-F dipolar 
interactions to a minimum. The residual dipolar interactions 
are due completely to the interactions among H-F pairs on 
individual lipids. In the presence of rapid long-axis 
rotational reorientations of the lipid molecules the 
individual H-F dipolar interactions are projected onto the 
axis of motional averaging so that the orientation-dependent 
term is expressed: 


= 3cos26-1 [19] 
toa Ty. C2832) 


where 6 is again the angle between the axis of motional 
averaging (the lipid long axis) and the external magnetic 
field. ee represents the value of the projection of the H-F 
dipole interaction onto the axis of motional averaging. The 


total H-F dipolar interaction may then be written: 
7 3cos20-1\) 4g 

= Aa} oy eee ee [20] 
ope tapi + ( 2 )z D1lij 


where 6 is as defined previously and the summation is over 
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all-intramolecular H-F pairs. This equation describes the 
manner in which the fluorine resonance linewidths will vary 
eceaafunctronrof thecorientation offthetplanar’bilayer with 
Frespeceoeo thet magnetic freldiyctn particular;othentestlting 
linewidths will be minimal at the magic angle of 54.44° 
(Bloom et als; 1975; McLaughlin et a/j., 1975). Defining the 


GausSian linewidth at half-height as: 
Conia 2u=t2’.36wA Gene 


4 can be decomposed into constant and angular-dependent 


portions (Niederberger and Seelig, 1976) and 


K 3cos? 9-1 22 
beng +a, (22082222) (221 


Assuming that the intrachain dipolar interactions are 
modulated by the same molecular motions as the chemical 


shift anisotropy (Gent and Ho, 1978), then one can write: 


e 3cos¢ 6-1 [23] 
NS t= Ag ae Ay | Sil 
where S,, represents the order parameter of the lipid long 
axissifhe orientation-dependent term, Ay, represents the 


contribution of intramolecular dipole-dipole interactions, 
and the constant term, Ay, is the residual linewidth after 
Suppression of A, (i.e., by decoupling) and arises predomi- 


nantly from intermolecular dipole-dipole interactions. 
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'*F-NMR Line Shape 

The '°F-NMR line shape of a sample of randomly distributed 
planar bilayers is considered to consist of individual 
resonances centered at frequency, v*, corresponding to 
particular orientations, 6, of the H-C-F segments with 
respect to the magnetic field. The observed frequency, pv, 
varies as a function of orientation as described by equation 
13. The Gaussian linewidth at a particular orientation 
varies according to equation 22. The probability of 
observing a resonance line at frequency v is described by 
equation 15. The intensity of an individual resonance line 
centered at frequency v* as a function of the observed 
frequency v can be described by a normalized Gaussian of the 


form (Niederberger and Seelig, 1976): 


k 2 
ee Ae ae iS enw 8h [24] 
igkc Vhs ~ EXP 770 


Thertotaltabsorptioneintensity;hSGr) ;sat apfrequency;+y, is 
then the sum over all overlapping resonances, v*, weighted 


with their corresponding probabilities p(v*) 


+a 


Be Hi nd Ike wad we ddve [25] 


The observed '’F-NMR line shape is then S(v) as a function 
of different individual frequencies, v. Essentially the 
shape of the spectrum is governed by the chemical shift 


anisotropy, by the linewidth parameters Ao and A,, and by 
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the order parameter S,;,. 


Order Parameters 

Flexible molecules which are restricted in their motions are 
Said Co exhibit order. The angular @istribution of 
fluctuations of the..CH2 monomers in a polymethylene chain is 
conventionally described by the second rank, symmetric, 
traceless tensor S (Saupe, 1964) called the order parameter 
tensor (or ordering matrix). The matrix components are a 
Meecure Ol the angular fluctuations of the axes (x,y,z) of <a 
molecule-fixed coordinate system with respect to some 


arbitrarily defined axis and are given by: 


St pe COS?,COSt, > 65 5) /2> C26) 
where the brackets denote a time average. The subscripts 1 
and j refer to the molecule-fixed axes (x,y,z) while 6; and 
6, refer to the angle between these axes and the arbitrarily 
defined reference axis. For a molecule-fixed axis system 
exhibiting mo particular Symmetry Ini Ves motion, at Least 
five independent components of the matrix must be identified 
to define the order parameter tensor (Saupe, 1964). Since 
the existence of motional planes of symmetry reduces the 
number of independent components required to completely 
specify the order parameter tensor, the chosen axls system 
should exhibit the highest possible degree of symmetry in 


its motion. A single plane of symmetry reduces the number of 
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independent matrix components to three. In theory there will 
always exist some principal axis system containing at least 
Uvororthogonal eplanes of symmetry which is capable).of 
reducing a symmetric tensor of second rank to its diagonal 
form. Proper identification of this principal axis system 
reduces the number of independent tensor elements to two. If 
an axis system with 3-fold or higher symmetry exists (axial 
Symmetry), only one independent element is required to 
specify the complete order parameter tensor (Saupe, 1964). 
It has been routinely assumed in the literature that 
rotation of the lipid molecules about an axis normal to the 
plane of the lipid bilayer is sufficiently fast to meet the 
condition of axial symmetry, at least in the liquid- 
crystalline state (Seelig, 1977; Seelig and Seelig, 1980; 
Jacobs and Oldfield, 1981). While this assumption may 
represent a less than perfect approximation (Meraldi, 1981; 
Higgse& Mackay, 19:772Post (et palh.2¢ 1981 )neitidrastically 
Simplifies the analysis of the anisotropic motions of the 
methylene segments. As described earlier, axially symmetric 
rotation about the normal to the bilayer was invoked to 
describe the orientation dependence of the chemically 
shifted fluorine resonance lines and their dipolar 
broadening. Thus the angular fluctuations of the methylene 
segments about the axis of motional averaging may be 
quantitated in the '*’F-NMR spectrum via a single order 


parameter, S;,1,, provided that the assumption of effective 


axial symmetry is valid. 
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im order £0 render the physical meaning of the value of 
the order parameter more clear, it is convenient to 
imeroduce the concept of S,»o,. The following discussion is 
based upon the studies of Seelig and Seelig (1980) and 
Peversen and Ghan (€1977). An arbitrary axis called the 
Girector, a, is first defined to lie parallel to the normal 
Eentne planes of the bilayer. It.upseabout this director = that 
the Hamiltonian is assumed to be axially symmetric. Smo, 
quantitates the angular excursions of the methylene segments 
about the director. An acyl chain in the all-trans 
configuration, aligned parallel to the bilayer normal and 
undergoing rotations about its long molecular axis, would 
have a value of S,jo;, = 1 for each methylene segment. At the 
other extreme of completely statistical movement through all 
angles of space, Smo: equals zero. 

In general NMR techniques meaSure some order parameter 
S which relates to the angle 6 between the director diana 


SN 
the particular molecular interaction vector r (see Figure 3) 


such that: 
Srucetiy 2(ocosp. — ‘t) 27) 


where the bar represents the time average. Different NMR 
techniques pertain to different molecular interaction 
vectors. For example, *H-NMR of deuterated lipids measures 
the anisotropy of the motion of the C-D bond, ‘H-NMR is 


sensitive to the orientation of the geminal] interproton 
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vector, “°F-NMR ‘spectra of gem-difluoro ‘substituted fatty 
acids when depaked can quantitate the orientation of the 
geminal interfluorine vector, while '°’F-NMR spectra of 
monofluoro substituted fatty acids measure the orientation 
along the o',, axis. These differences are accommodated by 
subdividing the angle 6 into two angles a and y. The term y 
represents the angle between the molecular interaction 
vector, fr, for a specific technique and the instantaneous 
chain orientation, c. The term, a, then represents the 
angular deviation of the instantaneous chain orientation 
from the director. The order parameter may therefore be 


rewritten: 
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Under these circumstances, S, = Smo1. The differences in the 
geometries of the different molecular interaction vectors 
arerconsideredeintthe term Sx. thor example, in the all-trans 
conformation the C-D vector is at 90° to the lipid long axis 
and Sy therefore equals -1/2. From this relationship arises 


the commonly employed transformation: 
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foucertainssatuationszthelCaD bondi vectorsas notvath90° with 
respect tonthemiipid longq»vaxiseévenMint thecall=trans 
conformation and Sy nS thendnodtongere=1/2¢ Such!) sittiations 
have been described for deuterons substituted onto a 
Cis-double bond (Seelig & Waespe-Sarcevic, 1978; Rance 
Sctalesenes0emor acyclopropyl ring (Dufourc et al., 1983- 
gatreldlmetocal eyrra9ss)). Sy is often,®therefore}oreferred ito 
AS Sapo: An examination of the equations relating the 
chemical shift anisotropy (oy 2 o| |) and the '°F-NMR line 
Shape of a monofluoropalmitic acid show that the values of 
(oy | = a} ) are directly modulated through the order 
parameter S,,, corresponding to the order of the long 
motéculartaxiseaThtscanrthisicasetys= 0°, Sy =4 1. andéwe 
darectihyemeasureySagyl stnceyS iq n=aSie8 

There are two immediately apparent mechanisms through 
which the value of S,jo;1 could be modulated. Firstly, if the 
entire acyl chain were tilted with respect to the director 
axiS, Smo: would be reduced at each methylene segment along 
therchadaninaproportion)torthesangdeiiofetitt.cSecondiy, a 
Single gauche (plus or minus) rotational isomerization at 
any ipointealong the acyl chain wouldycause that methylene 
segment and the succeeding portion of the chain to assume a 
tiltwwith respect to the director../0f course,” rotational 
isomerizations occur with high frequency and short lifetimes 
particularlysinathe liquid-crystalline state, so that the 
acyl chains rapidly interconvert between a multitude of 


possible conformations (i.e., combinations of trans and 
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gauche + isomerizations along the chain) and only the 
average conformation 1s observed. NMR techniques do not 
measure the effects of rigid body movements (whole chain 
tilt) and rotational isomerizations independently so that 
the measured order parameter contains contributions from 
both mechanisms. 

A major strength of the order parameter formalism lies 
in the ability to deduce average chain conformations. Since 
the values of Smo; are proportional to the average number of 
gauche + versus trans conformers at a particular position, 
it 1S possible to analyse these data in terms of statistical 
mechanical models of chain motions in the bilayer. The mean- 
field, rotational isomerization model of Marcelja (1974) has 
been successfully applied by Schindler and Seelig (1975) to 
reproduce Sno; values for a bilayer of DPPC, and this model 
has been further refined by Meraldi and Schlitter (1981a, b) 
and by Gruen (1982). Such analysis permits the average chain 
conformation to be described in terms of the probability of 
there being a trans (p,) versus a gauche (+) rotational 


isomer (pgt) at a particular chain position where: 
Dima Dg = 1 [30] 


Petersen and Chan (1977) have evolved equations through 
which order parameters obtained via different NMR 
applications relate to the probability of there being a 


trans-conformer. These are: 
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Sop HMA LSEp Y =11/8 33) 

San Sai 21D, [32] 

Gio ee 97 Spe 41/8 [33i) 
Note that only when p, = 1 does the common transformation 
Smo1 = ~2 Sap apply. This is because the presence of a 


single gauche plus or gauche minus conformer has different 
effects on the angle y between the molecular interaction 
vector and the instantaneous chain director for different 


molecular interaction vectors. 
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IV. THE '*F-NMR SPECTRUM OF A MONOFLUOROPALMITIC ACID IN A 


LIPID BILAYER 


Simulation of the '*F-NMR Spectral Line Shape 

Since the '°’F-NMR Spectrum contains contributions from 
both chemical shift anisotropic and dipole-dipole inter- 
actions, there is no one spectral parameter which is readily 
interpretable in terms of an orientational order parameter. 
The alternative is mathematical simulation of the line shape 
using the model equations described previously. In this 
section, I will describe the manner in which the chemical 
shift anisotropy, the intermolecular and intramolecular 
dipole terms and the order parameter, Smo1, interact in the 
Simulated '*’F-NMR spectra. 

A computer program was first written, which employed 
the previous mathematical description of the orientation and 
order dependence of the chemical shift anisotropy and H-F 
dipole interactions under conditions of axially symmetric 
motions, to generate a simulation of the '’F-NMR line shape 
of a monofluoropalmitic acid in a lipid bilayer (Brian 
McDonough, M.Sc. Thesis, 1981, University of Alberta). The 
simulated line shape depends on four quantities, the 
chemical shift anisotropy, the intermolecular dipole 
broadening, the intramolecular dipole broadening and the 
Order parameter, Smoi- 

In practice the chemical shift anisotropy was first 


estimated for a monofluoropalmitic acid chain in the 
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all-trans conformation undergoing axially symmetric rotation 
about the lipid long axis while aligned perpendicular to the 


plane ofr thesbitayert wThisicalcolation vsidescribedpinwa 


Subsequent section. This calculated value of (o|| -0]) 
corresponds toithatwexpectedswhenes,,6}!=" lv and)is’therefore 
referred to as (oy 7 o1 max ° In the simulation the 
effective value of (0) | = o|) is never specifically entered 


but 1S quantitated through S,o,, hence, 


S ~ (%)1- 5 |) opserved (ala 
mo 1 epeercnny cen ee 
|’ maximum 


By analogy with the chemical shift anisotropy, the 
maximum value of the intrachain H-F dipole interaction (A,) 
Was ttrretlestimeated fornnaesituatbontiniwhichtSeo7 = toand 
subsequently, the effective value of A, was never considered 
explicity other than as a modulation of the maximum value 
through Smo1. Again, the estimation of A, is described ina 
later section. 

The interchain dipole interaction Ay becomes of 
Significance only in the gel state. In the liquid- 
crystalline state the rapid lateral diffusion of the lipid 
molecules drastically reduces the interchain dipole inter- 
actions effectively to zero. Since the rates of lipid 
lateral diffusion decrease as the proportion of gel state 
lipid increases, the strength of the orientation-independent 
interchain dipole interactions increase and this effect is 


accommodated in the simulation by entering increasingly 
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tarnder values of A, (in-Hertz). 

Pigure 4 allbustrates the manner in which the values “of 
these various parameters alter the '*’F-NMR line shape within 
the context of the theoretical model. The simulated spectra 
in row A demonstrate the effects of altering the value of 
AZ. When A, 1s small, the anisotropic chemical shift 
Spectyuum, Characteristic of rapid Long=axis-—rotaticn Of Gthe 
entire lipid molecule is obtained. This is the theoretical 
equivalent of almost complete proton-fluorine decoupling. 
The sharp perpendicular edges of this spectrum correspond to 
the quantities o|| and o|. The value of AC 0| ) max Bore 
monofluoropalmitic acid can be estimated to be 82.2 ppm 
(Macdonald et a/., 1983). Altering the quantity 
(o)| - 0| max would change the positions of these 
inflections without altering the overall line shape. As the 
value of A, increases, the anisotropic chemical shift 
Spectrum first broadens and then, when A, equals approxi- 
mately 15,000 Hz, assumes the dipolar or "Superlorentzian" 
line shape which resembles that of experimentally obtained 
‘'"F-NMR spectra (see~later).. Increasing™the=value of 4, by a 
further order of magnitude extensively broadens the 
spectrum, particularly in the wings, without altering its 
"“superlorentzian”" character. 

The spectral simulations in row B of Figure 4 
illustrates the effect of increasing the value of A>. Here, 
A, was set to 20,000 Hz so that the overall line shapes 


would correspond to an experimental situation. Increasing Ao 
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while holding A, small broadens the anisotropic chemical 
Sige Spectrum (Ors rzowwA without’ affecting the overall line 
Shape until A, becomes excessively large. The effect of 
PhereasingypA, onthe) "superlorentzian" «spectrum is te 
progressively broaden the lines at all frequencies although 
the effect 1s most—obviously manifest at the "peak". This 
broadening corresponds to an increase in the efficacy of 
interchain dipole interactions such as would result from, 
for example, a transition from the liquid-crystalline to the 
gel state. 

Finally, in row C the manner in which S,o,;, modulates 
the "Superlorentzian" line shape is illustrated. At very low 
values of Syjo; the spectrum approaches the isotropic limit 
while retaining "Superlorentzian" characteristics. AS Smo, 
increases, the line shape broadens, particularly in the 


wings of the spectrum. 


Estimation of the Fluorine Chemical Shift Anisotropy 
Knowledge of the chemical shielding tensor elements for 
a monofluoro substituted lipid are required for the inter- 
pretation of the '*F-NMR Spectra in terms of order 
parameters. Several different experimental techniques could 
be used to obtain '°F-NMR chemical shielding information. 
These include multiple pulse experiments for removing 
dipolar broadening in order to determine the principal 
tensor elements (Mehring et a/]., 1971) in combination with 


Single crystal studies to determine the molecular 
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omrenta tion toh ithe itensor «principal <axisusystem (Gr kf fin 

et raha, Ol 972) Persseluit pon=ofethe Gudlecule of interest in 
nematic liquid crystal solvents to achieve partial alignment 
(Buckingham & McLaughlan, 1967) or observing the orientation 
dependence of the resonance frequency in macroscopically 
Oriented bilayers (Engelsberg et a/., 1983) can be used to 
estimate effective chemical shift anisotropies. Alternately, 
Burnell et aj. (1981) report a method of determining the 
complete chemical shift tensor from the field dependence of 
the moments of the magnetic resonance line shape. 

Piesstrenguanot the "H >= “'r dipolar Wateraction sand 
the proximity of 'H and ‘°F resonance frequencies prevent a 
Straight forward determination of the chemical shift 
anisotropy of a monofluoropalmitic acid. The chemical shift 
tensor elements of a -CH2,-CHF-CH2-type fluorine in its 
principal axis system (P.A.S.) have yet to be determined. 
Each of the aforementioned techniques present unique 
experimental difficulties or require apparatus beyond that 
available. As such I have relied instead upon a value of the 
effective chemical shift anisotropy estimated from known 
Quantities determined for teflon. 

For the measured traceless chemical shift anisotropy 
tensor in teflon (polytetrafluoroethylene) three distinct 
elements were found: o;; = -80 ppm, o22 = +21 ppm and 
dp tse+5 9 appme (Mehringtet talseed9?t) CoThei directionsofathe 
principal tensor axes for CF3;COOAg were also described and 


later confirmed in a single-crystal study (Griffin et al., 
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1972). The most shielded element, o33, was aligned along the 
C-F bond and the least shielded component, o,,, was 
Pemeeicicthlear gto tne 33°axis in thetC-C-F plane. This ws 
eonsidered to be the principal axis’ system for the fluorine 
Bucleus una ~monof Luoropalmitic acid) andwis:-illustratedein 
Higure..2..Rotatiom-of »this.axis system by 30° about: thes33 
axis realigns the principal axis system into a new molecule- 
fixed axis system with an axis parallel to the bilayer 
normal (see Figure 2). This transformation is accomplished 


by means of orthogonal rotation matrices, R;j;. 


Go = R~'OpasR [2] 


Here R-R™' = R°'-R = 1 Since the Hamiltonian must be 
invariant to orthogonal coordinate transformation. Since 
o nas is diagonalized in its principal axis system, it has 


the form: 


Oye O O 
ee O Omry O [3] 
O O Ozz 


Following the format of? Van et a@72°(1974), any one 
generalized coordinate system (A,B,C) may be rotated into 
another (a,b,c) by three successive rotations corresponding 
to) thel Buker anglest@ iO andey. The generalized? 'trans= 


formation matrix of direction cosines iS: 
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a cosScos¢cosy -sindsinw cos8singcosl +cosdsiny -—sin6cosw 
b -cosOcospsiny -sin¢cosi -cos@sindsin +cosdcosp sindsinw 
S Sin€8cos¢ SsinOsind cosé@ 


Choosing ¢ = 0°, @ = 30° and Ww = 0° the generalized matrix 
reduces to that specific for a rotation of 30° about the C-F 


bond axis, 


cos0 0 -Ssing 
Re = 0 db 0 [4] 
sind cosé 
cos@ sin? 
ee 0 0 [Ss] 
-sind cos@ 


multiplying the three matrices, the resulting matrix is 
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FA 


2 ee 
8 a « A 
(cos Oy + sin poss) @ ( cost sin§o, +costsinoo,_) 
ie 0 O 
sy 3 YY 5 0 [ 6 ] 
(-cos8sin9o, +cos@sin80__) 0 (sin 00, +cos780, 5) 


These represent the values of the fluorine chemical shift 
tensor elements in the new molecule-fixed axes system, 

Upon introducing the rotational time averaging relevant 
fo. the Lipid bilayer, I will follow the format of Post 
et al. (1982). For any process of rotational time averaging, 


the averaged chemical shift tensor assumes the form: 


Pee eget). =| Duo (Dee tneaay) 7) 
- iG Ss ke 


Wnere von, .d0G, ai, are the direction cosines. In the’ first 


prder the redvevant term is o'.., which can be written as: 
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where S,, are now the order parameters with respect to the 
magnetic field and o = Me Oe: is the isotropic shielding 
Poctor. The values of 6,7 are the Kronecker deltas. The 


anisotropy of the spectrum can also be written as: 


(3cos26-1) [9] 


N[e 


' + 2 ; 
fee. 3 - : (1,273), 4 2 
Kx 


where S,; are now the order parameters with respect to the 
axis of motional averaging and 6 is the angle between the 
axis of motional averaging and the magnetic field, as 
previously. If we allow Ao to equal the width of the 


Snemical shires rstribution function for o',>, then: 


io = | >) 2), a [10] 
k2Q 


Note again that 


lose, 
= = - id 
Sig 5 (3cosB, cosBe Sig) vil] 
where k,2 =9 1,2,3 forsx,;y;z of the molecule-fixed coordinate 


system and 6, is the angle between the kth axis and the axis 
ef motionaisaverading..USing the indices om Nirgure 2, 2t can 
be ascertained that S,, and S,, are zero by symmetry, while 
Syz might have a small value. Assuming that S,, is 
negligible compared to the diagonal elements so that x,y and 


Z are the principal axes of S, one can now write: 
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Invoking the conditions of axially symmetric motions the 


distribution function becomes 

Ag. = (Ses a eey Ps] 
where 

oie mar tess) [14] 
and 

Date ive (ods) stKohy.e) b15] 
Evaluating these quantities from the values of the fluorine 


chemical shift tensor elements in the new molecule-affixed 


axis system, one obtains: 
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and, 


a = =94./5 ppm 
O = 246 DOM 
ne 
fo 1 inex = =§82.2> ppm 


In the absence of a direct experimental evaluation of the 
chemical shift tensor elements of a monofluoro-type fluorine 
and itsS principal axis system, or of a measurement of the 
effective chemical shift anisotropy of a monofluoro fatty 
acid in a lipid bilayer, I have consistently used the above 


estimate of (o| | -o|) in the fluorine line shape 


max 
Simulations throughout these studies. 

Several points concerning the accuracy of this estimate 
require further discussion. The values of the chemical shift 
tensor elements in the principal axes system were those 
reported by Mehring et al]. (1971) for teflon. Although there 
is no reason to assume a priori that a monofluoro 
substituted species should have tensor components identical 


in value to those of teflon, an examination of the tensor 


components determined by Mehring et a]. (1971) for a range 
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Cfia@itterent)tuuorine-subst it uted speci ess shows: thate the 
deviations are not-great. Secondly, it has been assumed the 
principal axis system defined for CF;,COOAg corresponds to 
that of a monofluoro fatty acid. Choosing another principal 


axis system such as described by Post et al]. (1982) results 


in a different value for (9) 1-0) Imax: Thirdly: i Sinces we 
define: 
oe Se eels 
san o 1) max 


the accuracy of the orientational order parameters obtained 
by simulation of the experimental '°’F line shape rest 
Squarely on the accuracy of the estimated value of 

(01-9) max If this quantity was either a significant over- 
Or underestimate, the extracted values of S,zo; would be 


inversely under- or over estimated, respectively. 


Estimation of the Intrachain Fluorine-Proton Dipolar 
Interaction 

The value of the maximum intrachain H-F dipolar 
interaction has been estimated experimentally by a study of 
the field dependence of the '°F-NMR line shape of 
monofluoropalmitic acids biosynthetically incorporated into 
membranes of A. Jaidlawii B (Macdonald et al]., 1983; B. 
McDonough, M.Sc. Thesis, University of Alberta, 1981). In 
this study use was made of the fact that dipolar broadening 


is independent of Ho, whereas the Hamiltonian describing the 
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ehemucal Shifts 1S PMinear in Ho. Given an estimate of 
eee OO reaper apdremploying cond?ttrons in which Se. Mas 
equal at each field; strength, a consistent value of 
4, = 20,000-25,000 Hz was found adequate to simulate the 
'’F-NMR spectra obtained at a number of field strengths. 
In this section I will describe calculations which 
indicate how the value of A, is obtained theoretically and 
that the experimental and theoretical values are in 
substantial agreement. As noted previously, the tensors for 
dipole-dipole interactions scale as (3cos?0@-1), where @ is 
the angle between the axis of motional averaging and the 
magnetic field. The individual F-H dipole interactions may 
be represented by a vector nN which is directed along the 
line joining the two nuclei under consideration and whose 
size is proportional to (in units of angular frequency) 


ee 2) 
1g es YHYF sev alee [16] 


where Hy and Yp are the magnetogyric ratios of the proton 
and fluorine, respectively, and at is the proton-fluorine 
internuclear distance. Under conditions of axially symmetric 
motions, fit fils) the iprojectiron’ ofiithe: vector nrontohthe axis 
of motional averaging that scales according to (3cos’6-1), 


so that one may write: 
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where 6,; 1S the angle between the internuclear Vector mnie 


and the axis of motional averaging. The total intrachain H-F 


Gipolar interactions ‘then: 
oe | 
1) 


where the summation is over all H-F pairs. 

Figure 5 illustrates the structure of a monofluoro 
Substituted fatty acid in the all-trans conformation and the 
calculated internuclear distances. These values were 
obtained by assuming tetrahedral bond angles and C-C, C-H 
ana G-F bond tengths of 14541 A°, 1.094°A> and 1732-A>, 
respectively. Internuclear distances of greater that 4 A® 
were not considered because the 1/r* dependency would make n 
vanishingly small. In Table 1, the calculated values are 
Categorized according to the’ length of the H-F internuclear 
vector. The number of H-F pairs per radius category is 
listed in brackets. When summed over all A;,; the theoretical 
Valle of 28,270 Hz is obtained: forthe total intrachain F-H 
dipolar interaction of a monofluoropalmitoyl chain in an 
all-trans conformation undergoing axially symmetric 
rotations. This theoretical value is in good agreement with 
the value of A, obtained experimentally (Macdonald et al., 


1983) when the approximations of the calculations (bond 
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Figure 5: 


Geometry of the H-F intramolecular dipolar interactions. 
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lengths and angles) are considered. 

items Gmkeresting’to note that the greatest effective 
dipolar interactions appear to be between the geminal proton 
and the fluorine as expected, and between the fluorine and 
protons bonded to the carbon at the beta position relative 
to the fluorine-substituted carbon rather than the alpha 
bonded protons. There is some experimental evidence which 
supports this theoretical conclusion. Engelberg et al. 
(1983) studied the '°’F-NMR line shapes of geminal-difluoro 
Substituted fatty ava containing Jupidsmandéobserved-+litetete 
change in the effective H-F dipolar interactions when 
deuterons were substituted for protons on the vicinal 
carbons. If the effective vicinal H-F dipolar interactions 
were extenSive, then a substantial narrowing of the ‘°F 
spectrum and a closer approximation of the predominantly 
anisotropic chemical shift spectrum would be expected upon 


Substitution of deuterons for protons. 


The Assumption of Effective Axial Symmetry 

The validity of the spectral simulation employed 
throughout these studies, and hence of the extracted values 
of the orientational order parameters, rests upon the 
assumption that the lipid molecules are rotating about their 
bongeaxesaattacrategsuf ficientorocproducefpeifectiveraxial 
symmetry. The assumption of effective axial symmetry 
wequietesethatithe.ratetof Tongeaxis rotation of the :entire 


lipid molecule be faster than the timescale of the 
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interaction being measured, 7, where for chemical shift 


anisotropy (Davis, 1983) 


7 = TVA AO abo) 


It 1S expected that upon the transition from the liquid- 
crystalline state to the gel state the rates of long axis 
rotation of individual lipid molecules should be severely 
attenuated. Studies by Marsh (1981) using nitroxide spin- 
labelled lipids indicate that, as the temperature is lowered 
through the lipid phase transition, there is an abrupt 
decrease in the rates of rotational diffusion at Tm followed 
by a further gradual decrease in rotational rates at lower 
temperatures. While one might argue that the perturbing 
effect of the bulky-nitroxide spin labels prevents using 
such data quantitatively, nevertheless the qualitative 
picture *s probably valid. “Theretore; tat “some” temperature 
either at or below the lipid phase transition, the 
assumption of axial symmetry will no longer be valid. 

Although the ?H-NMR line shape of specifically 
deuterated lipids apparently reflects axially symmetric 
motions of the lipid molecules when obtained in the liquid- 
crystalline state, at temperatures at or below the lipid 
phase transition a gel state component appears in the 
spectrum which clearly can no longer be ascribed to axially 
symmetric motions. In the deuterium case 


PCH Xt ose 10° © sec (Davis; T9B3)o‘In-contrasty? the*irne 
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Shape obtainedevaa 4 °C-NMR of DPPC, which was ‘°C enriched 
pene, Cl position yor, the sn-2 chain, was, still. indicative 
of axially symmetric motions of the lipid molecules even at 
a temperature approximately 40°C below the lipid phase 
Srancin von (wirtebonts ot al..,. 1981)... where, the; timescale: of 
measurement was 1r('°C) =~ 2.0 x 10-° sec (Davis, 1983). The 
Forational correlation time of, the lipid itself at 
temperatures below the phase transition must then lie some- 
where between 7(?7H) and 7r('°C). 

The timescale of measurement for '’F, assuming a 
maximum chemical shift anisotropy of 82.2 ppm and at 
2a 2 oe Miz, wa WOuld. bey T(\Fcosa) = 72.6 xoul0e® sec. Thus, A2t 
is to be expected that the assumption of axial symmetry 
Should hold for the '*’F-NMR spectra of a monofluoropalmitic 
acid in the gel state at temperatures lower than for *H-NMR 
of deuterated lipids but not so low as for ‘'°*C-NMR. 

For the case of heteronuclear dipole-dipole inter- 
actions, which: also, contribute to the °F) line shape, jin 
Order torproject the dipolar! interaction, vectors, n,onto 
the axis of motional averaging, the rates of rotational 
diffusion of the lipid molecules must be on a timescale 
which is short compared to the inverse of the static inter- 


action, 7.(' *Rpp). and 
T('°F oy) = (Yp¥ph/2mr yp) [20] 


where the symbols retain their earlier definitions (Farrar 
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epdeBecker, 1977). From Table 1 the-strongest static F-H 
dipolar coupling is between fluorine and the geminal proton 
and equals approximately 14,500 Hz. Therefore 

ath) =55.0 X01 > Sec, (indicating that the assumption of 
rapid long-axis rotational reorientation should pertain to 
the case of intramolecular fluorine-proton dipolar inter- 
actions at temperatures below the lipid phase transition as 
low as those at which the ‘°C spectra still reflect axially 
symmetric motions. 

Figure 6 compares the '°F-NMR spectrum of a solid 
crystalline powder of 12F16:0 with that of membranes of A. 
feqdlawii BeB enriched with 20 mole % 12FP16:0 plus 80%) 16:0 
in the gel state. The two spectra were obtained under 
identical instrumental conditions. It is expected that in 
the absence of motions rapid enough to average the chemical 
shift and dipolar interactions, the '’F spectrum should 
broaden in proportion to the values of the unaveraged 
chemical shift tensor elements (estimated to be: 

Ga9) =—-60 ppm, io>> ="'2 1 “ppm; "05 3. =) 59s pomp by compan son 
with the model compound teflon, Mehring et a/]., 1971). 
Further broadening due to fluorine-proton dipolar inter- 
actions would effectively obscure the inflections corres- 
ponding to the values of the individual chemical shift 
tensor elements resulting in the approximately Gaussian line 
Shape of athe solid 12F16:0 in Figure 6. The *°F-NMR@spectErum 
of 12F16:0 incorporated into membranes of A. Jaidlawii B in 


the gel state exhibits none of the spectral characteristics 
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of axial asymmetry which are observed at extremely low 
renperatures when -"C-NMR* (Wittebort ef-al.;° 1981)®or 

ie NMR (Campbel 1yet ‘al.5° 1979) Vipidespecitra are 
investigated. The gel-state spectrum is considerably 
narrowed relative to the solid spectrum, indicating that 
Significant motional averaging occurs on the '°F-NMR time- 
scale. Furthermore, the gel state spectral line shape is 
"Superlorentzian", an indication that the motions which 
average the chemical shift and dipolar interactions are 
axlally symmetric in nature. Finally, the mathematical model 
of the '’F-NMR line shape, which assumes axially symmetric 
motions of the lipid molecules, adequately simulates the 
experimentally obtained spectrum in the gel state as shown 
in Figure 6. Here the spectrum of 12F16:0 was acquired at 
279°K, almost 40°K below the corresponding membrane lipid 
phase transition. Smo, was found to be 0.82, indicating that 
the fatty acyl chain was approaching the all-trans 
configuration. A,, the interchain interaction indicator, was 
approximately 1500 Hz, demonstrating that the limit in which 
the “Ssuperlorentzian" line shape is obtained (Ay << Ay oF 
Ay <<do ) was readily met at these temperatures 
(Wennerstrom and Lindblom, 1977). 

Many more examples of the correspondence of experi- 
mental and simulated '*’F-NMR spectra will be provided 
throughout the remainder of this thesis. However, few cases 
provide such an opportunity to test’ the limits of the 


assumptions which have been made in order to extract 
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information from the '°F-NMR spectra. The theoretical 
considerations described above, the "Superlorentzian" 
Character) of the gel: state '‘°F-NMR spectrum and the success- 
ful simulation of that spectrum using an “axially symmetric" 
mathematical model all suggest that the orientational order 
of the MFPA probe may be described in both the gel state and 
in the liquid-crystalline state in terms of a single 


Orientational order parameter, Smoi.- 


The ‘'’F-NMR Spectrum in a Region of Mixed Lipid Phases 

The phase transitions of various model and natural 
membranes have been extenSively investigated using *H-NMR. 
Recently, attempts have been made to measure the fractions 
of fluid and gel-phase components present during the course 
of the phase transition. Such information has been obtained 
directly from the 7H spectrum by taking the ratio of the 
estimated spectral area of the fluid component to the total 
spectra area (Nichol et a/]., 1980). Alternately, the 
fraction of fluid phase was determined by simulating the 
broad component of the 7H spectra (Kang et a/]., 1979; 1981). 
Jarrell et al]., (1981) demonstrated that the *H-NMR spectral 
moments could be utilized to analyze the composition of 
mixed lipid phases. 

Each of these techniques of spectral analysis assume 
that the gel and liquid-crystalline phases are in slow 
exchange on the ?H-NMR timescale, so that the *H-NMR 


Spectrum in the phase transition region is a simple 
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superposition of gel and liquid-crystalline state spectra. 
Therefore the nth moment of the ?H spectrum of a mixture of 


gel and liquid-crystalline phases is given as 
G 
Mie oat Meee £)M,, we 


WieGe ue 1S thestraction of 1ipidi snwthe fluid phase, send He 
and vie are the nth moments of the fluid and gel components 
SOtethe, spectrum, respectively (Nichol et a]:, 1980; Jarrell 
et a]., 1981). Implicit in this expression is the assumption 
that Me and eeeeeh essentially constant over the 
temperature range of the phase transition. 

The same conditions should apply in the case of ‘'°’F-NMR 
Spectra in the region of the phase transition, since gel- 
and fluid-phase components should be in slow exchange on the 
'°F-NMR timescale. In this section I will describe results 
which indicate that the '*®F-NMR spectrum is a simple super- 
position of gel-phase and liquid-crystalline-phase spectra 
and»that the’ fraction “Oof™fluTd or geicomponenterequired to 
Simulate spectra acquired with mixed phases corresponds to 
the fraction of fluid or gel component estimated from DSC of 
the membrane lipids. 

Figure 7 shows '°F-NMR spectra of A. Jaidlawii B 
membranes enriched with 80 mole % 19:0cp tA9 plus 20 mole % 
10F 16:0. These spectra were normalized with respect to the 


number of acquisitions required to obtain the spectra by 


scaling with a factor K where: 
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Figure 7: The F-NMR spectrum in a region of mixed phases as a 


superposition of gel state and liquid-crystalline state spectra. 
A - 19p_nMR spectra of A. laidlawii B membranes enriched with 

80 mole % 19:0cp,t49 plus 20 mole % 10F16:0 after normalization to 

the number of scans acquired; B - 19¢_NMR spectra simulated by 
combining spectra obtained at 280°K and 320°K according to the indicated 


fractions (f is for the liquid-crystalline phase fraction). 
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K = 5000/no. of acquisitions [224 


since the least number of acquisitions acquired in this 
series of spectra was 5000. Following this normalization 
procedure each spectrum had an equivalent integrated peak 
area. Similarly, the ratio of the baseline noise in any two 


spectra A and B corresponded to: 


noise A Vno. of acquisitions A 
————— = °; —— fa 
noise B no. of acquisitions B 


after normalization with the factor kK. 

DSC of the corresponding A. laidlawii B membrane lipids 
indicated that the '*’F-NMR spectrum acquired at 280°K should 
correspond to 100% gel phase while that acquired at 320°K 
should correspond to 100% liquid-crystalline phase. (The DSC 
endotherms obtained in this situation are fully described in 
Chapter 5.) The simulated spectra obtained by adding 
together the 100% gel and 100% liquid-crystalline spectra in 
the proportions which resulted in the closest simulation of 
the actual '*F-NMR spectra acquired at 290, 300 and 310°K 
(i.e. in the region of the phase transition) are shown in 
Paquaet? oitiesiraction prefptof the 100% ligquid-crystalline 
spectra which was required for the particular simulation is 
indicated. It is evident from Figure 7 that the extensive 
broadening of the '°F spectrum which accompanies a decrease 
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effectively reproduced by adding together 100% gel and 100% 
fluid spectra in the proper proportion. Furthermore, the 
Simulated spectra are indistinguishable from the actual ‘°F 
epecira.—Therefore,, as with *H-NMR, the “°F spectra in 
regions of mixed phases can be considered a simple super- 
position of gel-state and liquid-crystalline-state spectra. 
In Figure 8 the calculated.fraction of liquid- 
crystalline phase lipid, f, obtained by spectral simulation 
1S compared with the % transition of the corresponding A. 
Jaidlawii B membrane lipids obtained via DSC. The % 
transition data expresses the integral of the enthalpy of 
the lipid phase transition as a function of temperature and 
is, in fact, a measure of the % gel phase (or % fluid phase) 
lipid at a particular temperature. It 1S apparent from 
Figure 8 that both the quantity f and the % transition 
behave as identical functions of temperature. Thus the 
‘°F-NMR spectrum can be considered a superposition of 
gel-phase and fluid phase spectra, and the change in the 
proportion of these two components with temperature 
accurately reflects the progress of the lipid phase 


transition as detected calorimetrically. 


Relaxation Time Measurements 

Since molecular ordering and motional correlation times 
are really two sides of the same motional coin, it was of 
interest to measure the '*°F-NMR longitudinal relaxation 


times (T,) of the monofluoro substituted fatty acyl nuclear 
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Figure 8: A comparison of the fraction of liquid-crystalline phase 
lipid calculated calorimetrically with that estimated by simu- 

lation of the 195_NMR spectra. The % transition data were optained 
by integration of the enthalpy of the transition endotherm obtained 
in the case of A. laidlawii B membrane lipids enriched with 80 mole % 
19:0cp,td9 plus 20 mole % 10F16:0 by DSC. The fraction of liquid- 
crystalline phase lipid (closed circles) was estimated from simulation 


of 19p-nmR spectrum as described for Figure 7. 
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Spin probes. Figures 9 and 10 show two representations of 
the type of data obtained using the inversion recovery pulse 
Sequence described in the methods, in this case for A. 
laidlawii B membranes enriched with 15 mole % 10F16:0 plus 
Bommole 4%) 182) cA4 at 310°K. The idelay times, 7, (Dz) 
between the inversion pulse and the sampling pulse are 
indicated for the appropriate spectrum. Using the data of 
piqure 40, and employing) the usual in (S,-S.) vs 7 plot) to 
obtain T,, indicated that the nuclei relaxed at approxi- 
mately the same rates over the width of the entire spectrum. 
This point is evident just from an examination of Figure 10. 
Poebigure 11, the values of 9S 3 andvot in’(So-S_) are, plotted 
versus the delay time +r. The value of So was estimated using 
a three-parameter data-reduction routine based on the report 
of Levy and Peat (1975). This analysis includes 
considerations of imperfect rg pulse lengths and of the 
pulse sequence interval, Ds. While the inversion-recovery 
method is relatively insensitive to imperfect pulse lengths 
(Levy and Peat, 1975), the Ds value should be set such that 
Ds = 4 times the longest T, measured. Failure to meet this 
condition will result in an under-estimation of the T, 


values. However, the data reduction routine compensates for 


such effects. Specifically, the data are fit to: 


M>* = Mo ee ey iiH-eoe en [24] 
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Figure 10: Expanded plot of 195._NMR spectra obtained using the 


inversion recovery technique. The sample was the same as in 


Figure 7 and the delay times 1(D)) are indicated in milliseconds. 
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k = sin? + cosWcos?7¢ F254 


@ is the angle which Hppp makes with respect to the axis 


along which H, is applied, and 


ies YHopp 7 = a/cos¢ [26] 


where rt is the pulse length and a is the flip angle (7H,7). 
Peder .optimum condutjrons (i.e. ks cil Kine 0 DS Sade T)), 


equation 24 reduces to the familiar 
MiveoMsbi-2e7%/71} [27] 


Table 2 lists the T, values estimated for different 
positional isomers of MFPA in the presence of 18:1 cA4 at 
310°K. It is clear that a gradient of T, values exists with 
the shorter T,'s (slower motions) nearest the carbonyl head- 
group and the longer T,'s (faster motions) nearest the 
methyl terminus of the fatty acyl chain. This is the same 
qualitative picture of the variation in relaxation times 
Sleng the fatty acyl chain which asvobtained via C7) vc, 
and ‘H-NMR techniques (e.g., see Jardetzky and Roberts, 
1982) A quantitative interpretation of these “ F-NMR 
relaxation measurements in terms of relaxation mechanisms 
and motional correlation times would require more accurate 


and systematic relaxation measurements. 
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Table 2: 19F-NMR Longitudinal Relaxation Times (T,) and Order 
Parameters (Smol) of A. laidlawii B Membranes Enriched 


with 15 mole % xFl6:0 plus 85 mole % 18:lcA4. 


MFPA I Masee)) Smol 
6F16:0 445 Ore 
8F16:0 435 0.20 
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In summary, the '*F-NMR spectra of a MFPA can be 
Simulated using a model which assumes effectively axially 
symmetric motions of the lipid molecules in a lipid bilayer. 
Via reasonable assumptions concerning the effective values 
of the important interactions, the chemical shift anisotropy 
and the intrachain H-F dipole-dipole interactions, under 
conditions of axially symmetric motions, these simulations 
can yield information concerning the orientational ordering 
of the fatty acid long axis. Moreover, it would appear on 
the basis of both theoretical and experimental 
considerations that a single order parameter adequately 
describes the '*’F-NMR spectrum in both the liquid- 
crystalline and gel phases. It can be further demonstrated 
that the '*’F-NMR spectra faithfully reflect the progress of 
the lipid phase transition and provide at least the same 
qualitative picture of fatty acyl chain ordering and 


dynamics as obtained from *H-NMR. 
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V. ORIENTATIONAL ORDER AND FATTY ACID STRUCTURE 


A Straight-Chain Saturated Fatty Acid 

inp enemremainingd Portions Of this thesis I will 
describe the results of investigations into the effects of 
ditferent classes of fatty acyl structural substituents on 
the orientational ordering of the monofluoropalmitoyl 
nuclear spin probes in membranes of A. Jaidlawii B. The 
Strength of these studies resides in the coupling of 
Spectroscopic analysis ('*’F-NMR) with an independent deter- 
mination of the physical state of the membrane lipids (DSC). 
This combination permits the relationships between fatty 
acyl structure, orientational order and the lipid phase 
transition to be queried. In order to eStablish a basis for 
comparison with fatty acids of more complex structure, the 
Orientational order parameters of the MFPA's were first 
determined in the presence of the straight-chain, saturated 
fatty acia 1650. 

In these experiments with 16:0 enrichment, the 
following protocol was followed. Whole cells from 1.0 litre 
of culture medium (supplemented with 20 mole % MFPA plus 
80 mole % 16:0) were washed once with $-buffer and, after 
resuspension in $-buffer containing 90% deuterium oxide, the 
'°F-NMR spectra of the whole cells acquired as described in 
the methods. Cell viability was then checked microscopically 
and by reculturing in fresh growth medium. Cells were found 


to be 99% intact following data acquisition and all cultures 
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ste 
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grew successfully. Plasma membranes were then isolated from 
the whole cells as described in the methods, suspended in 
B-buffer diluted twenty-fold with 95% deuterium oxide and 
the '°®F-NMR spectra again acquired. Membrane polar lipids 
were subsequently extracted, lyophilized and rehydrated in 
B-buffer (diluted twenty-fold with 95% deuterium oxide) by 
gentle heating and mild vortexing and once more the '°F-NMR 
Spectra were acquired. Finally, the thermotropic phase 
properties of the polar lipid fraction were determined via 
DSC and the polar lipid fatty acid composition analyzed by 
GLC. 

Many fatty acids will, by themselves, Support the 
growth of A. lJaidlawii B in the presence of an inhibitor of 
de novo fatty acid biosynthesis such as avidin - often 
leading to the production of membranes containing up to 99% 
of a single fatty acid species - but palmitic acid is not 
one of these (Silvius and McElhaney, 1978a). The fatty acid 
compositions of the membrane polar lipids from cells grown 
in the absence of avidin on media supplemented with 
80 mole % palmitic acid plus 20 mole % of a particular MFPA 
are shown in Table 3. The fatty acid compositions were 
Similar regardless of the particular positional isomer of 
MFPA present. In addition, the products of de novo fatty 
acid biosynthesis in A. laidlawii B (12:0, 14:0, 16:0 and 
18:0) contributed significantly to the overall composition. 

The percent enrichment with exogenously supplied fatty 


acids (the sum of palmitic acid plus MFPA) was between 75% 
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Fatty Acid Composition of A. 
Polar Lipids Isolated from Cells Supplemented With 
Palmitic Acid Plus Various Monofluoropalmitic Acids. 
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and 82% but this may be an overestimate due to the 
contribution of the de novo biosynthesis of palmitic acid. 
Hence, the fact that the ratio of MFPA to palmitate present 
in the membrane did not correspond to that provided in 
Supplement was most probably not due to a disproportionate 
uptake of either of the supplementary fatty acids - MFPA's 
are proportionately incorporated in all cases tested to date 
(McDonough et a/]., 1983; Macdonald et al., 1983) - but 
rather may be attributed to the obscuring effect of de novo 
biosynthesis. Regardless, the levels of MFPA present were 
Surficient for the practical fpurpose of obtaining *°P-NMR 
Spectra. 

Figure 12 shows the membrane polar lipid phase 
transition endotherms obtained using DSC for each case of 
coenrichment with a particular isomeric MFPA. The transition 
endotherms were typically somewhat asymmetric and similar to 
those of A. Jaidlawii B membranes and lipids previously 
reported from this laboratory (see, for example, McDonough 
Cibale, 1983). 

Excluding the thermotropic transition obtained in the 
case of coenrichment with 10F16:0, the midpoints of the 
phase transitions (T,,) varied over a range of approximately 
Meo Ceaboutythe average Toff 308s9.k...t 1Ssunot cleareyhy 
the particular case of 10F16:0 exhibited a T, approximately 
2.0°C lower than average. The phase transition temperatures 
reported here for enrichment with 80 mole % palmitic acid 


plus 20 mole % MFPA are somewhat lower than those which have 
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previously been reported for enrichment of 4. Jaidlawii B 
membranes with=palmitic acid alone (De Kruyff et a]., 1973; 
McDonough et a/., 1983). However, levels of enrichment being 
somewhat variable and de novo biosynthesis making up any 
enorutail, #eads torthe Situation apparent from Table 3, 
where myristic acid makes up nearly 20 mole % of the 
membrane fatty acids and, hence, lowers the T,,. 

TRG. pParameeeriiAT; o.oo was ¢f the order of 11°C feo 12°C, 
1n good agreement with those values previously reported from 
this laboratory (Silvius et a]:,. 1980). 

The correspondence of experimentally acquired '°F-NMR 
Spectra and "best fit" model spectra is illustrated in 
Figure 13 for the case of cells supplemented with 20 mole % 
8F 16:0 plus 80 mole % 16:0. The spectra were acquired at 
temperatures at which the membrane lipids were just above 
(323°K), just below (300°K) and far below (279°K) their gel 
to liquid-crystalline phase transition. Whether obtained 
with whole cells, isolated membranes or membrane polar 
lipids, the '®F-NMR spectra were remarkably similar, 
exhibiting identical changes with alterations in temperature 
and lipid phase state. At all temperatures and regardless of 
the lipid phase state, the '*’F-NMR Spectra were adequately 
simulated using the model which assumed an axially symmetric 
line shape. The values of Smo; increased from approximately 
0.20 to 0.82 while A, increased from about 100 Hz to 1600 Hz 
as the acquisition temperature was lowered from 323°K to 


279° K., 
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Figure 13: Correspondence of experimental 19), _NMR spectra (whole 


cells, membranes and lipids of A. laidlawii enriched with 80 mole % 
1630 plus 20 mole 3% -8Fl6:0) and “best £it™ simulated spectra (-=-—-). 
Experimental spectra were acquired with 100K, 50K and 25K acquisitions 
at 279°K, 300°K and 323°K, respectively. The corresponding values 

of the line shape parameters, 4g, 4, and Spo}, used to generate the 


"best fit” simulated spectra are indicated. 
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Pielve aie loOn.of 5,67 mithethespocitazon of the fluorine 
substituent provides an orientational order profile for a 
particular membrane. The '’F-NMR order profiles of A. 
laidlawii B whole cells, isolated membranes and extracted 
polaw lipidsvare shown in Figure 14. At 323°K, the values of 
the order parameters were relatively constant out to 
approximately carbon atom number ten and thereafter 
decreased as the nuclear spin probe was relocated further 
towards the methyl terminus of the acyl chain. Similar order 
profiles have been reported using *H-NMR techniques in both 
modes (Seelig, 1977) and biological (Stockton et a/., 11977) 
membranes. 

With decreasing temperature, orientational order 
generally increased. At 300°K, where the calorimetric data 
indicate that the phase transition is at least 90% complete, 
the average overall chain order waS approximately 0.6, 
indicating that, despite the overwhelming preponderance of 
gel-state lipid, a substantial degree of disorder remained. 
The order profile itself indicated that, although a gradient 
Gi disorder was still present, the "incline; of the. gradient 
was much less pronounced than that observed with entirely 
Miquid-erystalline Jipid at. 323°K. 

Upon decreasing the temperature further to 279°K, the 
average order parameter increased to approximately 0.8, 
indicative of a high degree of acyl chain ordering. In 
addition, all chain positions displayed an equal degree of 


ordering with the exception of the fourteen position. 
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Therefore, although some degree of disorder may exist near 
the methyl terminus, at temperatures well below the lipid 
phase transition the bulk of the acyl chain experiences an 
equally high degree of orientational order. 

Allegrini et a/. (1983) have studied the gel-state 
*H-NMR spectra of specifically deuterated palmitic acids 
mixed in equimolar amounts with 1-palmitoyllyso PC. These 
compounds together assume a bilayer structure, most probably 
via the formation of a functional dimer of lysophospholipid 
and free fatty acid. The free deuterated palmitic acid 
experiences a greater degree of rotational freedom in the 
gel-state which permits an analysis of the ?H NMR spectrum 
in terms of orientational order parameters. The values of 
Smo1 Obtained in the gel-state nearly approached the 
theoretical maximum of unity for positions C-2 to C-13 but 
thereafter decreased towards the acyl chain methyl terminus. 
These results substantiate our observations of a highly 
ordered state with a minimal number of gauche conformers in 
the gel phase. However, the maximum value of Smo1 reported 
bycklheqbininet val a, o( 198S)cwa'sa0 194; 2whicheisesome Pk5K 
higher than the maximum of 0.82 which we have obtained. 
Although it is possible to question the applicability of 
results obtained with a mixture of lysophospholipid and free 
fatity iaciiid to hthe isiittuationpinta dracyl phospholipid 
membrane, this difference in maximum ordering is most 
probably attributable to the considerable fatty acyl chain 


heterogeneity of the A. Jaidjawii B membrane lipids in 
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contrast to the absolute homogeneity of the model membrane 
System. lt? is' ‘possible -to. demonstrates for example, that the 
presence of shorter carbon chains markedly reduces 
Orientational order in lyotropic nematic phases (Covello 
Salah w-I6a)s, 

It would be premature, however, to exclude the 
possibility that lipid headgroup heterogeneity makes some 
addi tional vecontribut iiont to sgel-statelidisorders inoAy 
Jaidlawii B. As discussed by Seelig and Browning (1978), 
when the *H-NMR order parameters of acyl chains esterified 
to a variety of lipid headgroup classes are compared in the 
liquid-crystalline state at a temperature normalized 
relative to their respective phase transitions, the values 
are all very similar (but see Marsh et a/., 1983). Again in 
the liquid-crystalline state, Rance et a]. (1983), ina 
7H-NMR study, could discern little dependence of 
conformational order on headgroup class amongst A. laidlawii 
B glycerolipids. Such generalizations may not apply in the 
gel-state, where the densities of acyl chain and headgroup 
packing become more pronounced and interdependent. Indeed, 
without even considering the respective gel-state 
Stabilities of the individual classes of glycerolipids 
present in A. lJaidlawii B, their heterogeneity alone could 
constitute a barrier to complete orientational ordering. 

The 60 KHz splitting which appears in the gel-state 
7H-NMR spectrum of A. Jaidlawii B enriched with deuterated 


fatty acids has been interpreted as indicating that the acyl 
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chains still retain considerable motional freedom at low 
temperatures (Smith et a]., 1979). These authors concluded 
that at temperatures just below the lipid phase transition, 
the acyl chains have assumed an all-trans configuration and 
rnatsionkys notational) disorder" resulting from rapid 
rotation about the long molecular axis, and not trans-gauche 
isomerizations, reduce the observed quadrupolar splitting 
from the theoretical maximum of 126 KHz to the observed 

60 KHz. The interpretation has been challenged by Pink and 
Zuckermann (1980), who point out that the results of Raman 
Scattering studies indicate that there are a non-negligible 
number of gauche bonds excited in the gel-state of pure 
PC's. From consideration of a theoretical model of a 
biological membrane, these authors concluded that the 
gel-state *H-NMR spectra in A. Jaidlawil B could be inter- 
preted as indicating the occurrence of trans-gauche 
isomerizations in addition to rotational disorder in the 
gel-state. 

NMR-derived orientational order parameters are 
modulated by whole chain tilt as well as by trans-gauche 
isomerizations at individual chain segments (Petersen and 
Gham tOjgs)) «ve straiight-chain,s saturated fatty acid in the 
all-trans configuration, experiencing only rotational 
disorder and/or fluctuations in the orientation of the long 
molecular axis, should not manifest a gradient of disorder 
along its length, since tilting of the entire acyl chain 


should decrease Smo; equally at all positions. The '’F-NMR 
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order profiles observed at 300°K indicate that at 
temperatures just below the lipid phase transition a 
Gradient of disorder’ is» still) present, implying: that the 
acyl chain has not assumed an all-trans-configuration 
regardless of the contribution of whole chain fluctuations 
to the average order parameter. While the observation of an 
Order gradient precludes the existence of an all-trans 
configuration, the converse, that the absence of an order 
gradient implies the all-trans state, does not hold. A 
population of gauche isomers distributed with equal 
probability or diffusing rapidly along the acyl chain could 
diminish S,;o;, homogeneously, as observed at 279°K in A. 
laidlawii B via '*F-NMR.. 

It is interesting to note that few if any differences 
in orientational order can be discerned between live cells, 
membranes and polar lipids. Studies of orientational order 
in isolated biological membranes would, therefore, appear to 
be directly applicable to the situation in whole cells. It 
is equally significant that the absence of integral membrane 
proteinsahad: noxeffect upone SRonseWhilevitshasibeen! ciear 
fPorusomevtimer thatevaluestof, Sao 1febtarnedt bys? H=NMR 
techniques are nearly identical whether obtained in model or 
biological membranes in the liquid-crystalline state (Seelig 
and Seelig, 1980), this point had not been demonstrated for 
'°F-NMR techniques. 

Jarrell et a]. (1982) investigated the *H-NMR spectra 


of A. laidlawii B whole cells, membranes and lipids enriched 
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with deuterated myristic acid, while Kang et al. (1981) 
compared *H-NMR splittings in A. laidiawii B membranes and 
extracted lipids enriched with deuterated myristic acids. 
Bhesetauthors were lable: toitdiscern!Littlésdifference in the 
quadrupolar splittings obtained in cells, membranes or 
lipids. These results are in agreement with our conclusions 
eoncerning the applicability of studies'in isolated lipids 
and membranes to the membrane lipid organization in intact 
cells. Furthermore, both *H-NMR and '°’F-NMR results agree 
that the presence of membrane proteins does little to alter 
the range of conformations available to membrane fatty acyl 
chains in the liquid-crystalline state. This apparent lack 
of influence on lipid order by membrane proteins may be the 
result of the relatively low protein/lipid ratio in A. 
laidlawii B compared to the ratio in model systems where 
some teffects tare discernible! (Kang Gtcoal.,°1981)<aThe 
lateral segregation of intrinsic membrane proteins into 
protein rich domains, which can be observed by electron 
microscopy in A. lJaidlawii B membranes cooled below the 
lipid phase transition temperature (Silvius and McElhaney, 
1980), further suggests that, in the gel-state, bulk 
membrane lipid conformations should not be, and as concluded 


from '°F-NMR data, are in fact not particularly influenced 


by membrane proteins. 
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An Isomeric Series of CiS-Octadecenoic Acids 

The Cis-double bond occurs widely in biological 
membranes and has been the subject of recent *H-NMR studies 
in both model (Seelig and Seelig, 1977; Seelig and 
Waespe-Sarcevic, 1978) and biological (Rance et a/]., 1980) 
membranes. These studies indicated that conformational order 
was reduced in the presence of ciS-unsaturated acyl chains 
relative to saturated acyl chains when measured at the same 
temperature. When compared at the same temperature relative 
to their respective lipid phase transition points, the 
cis-unsaturated acyl chains displayed nearly identical or a 
somewhat greater degree of orientational order than 
straight-chain saturated acyl chains, suggesting that the 
conformations available to saturated and unsaturated acyl 
chains in the liquid-crystalline state were nearly 
identical. It was concluded that a local “organizational 
perturbation" induced by the Cis-double bond determines the 
proportion of gel and liquid-crystalline lipid. The nature 
of this perturbation remains ill defined. As pointed out by 
Barton and Gunstone (1975), simple gel-state chain packing 
considerations seem insufficient to explain the relationship 
between the temperature of chain melting and the position of 
a CiS-double bond along an acyl chain. 

The availability of a series of positional isomers of 
Cis-octadecenoic acid (Gunstone and Ismail, 1967a), coupled 
with the ability to rapidly screen a range ofmiatty tacid 


Structures via '*’F-NMR, led me to undertake a systematic 
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Survey of the relationship between lipid orientational order 
and the position of a Cis-double bond in membranes of the 
organism A. Jaidlawii B. 

The '*F-NMR Spectra of membranes of A. Jaidlawii B 
enriched with small amounts of one of a series of positional 
isomers of monofluoropalmitic acid, plus one of a series of 
positional isomers of CiS-octadecenoic acid ranging from A4 
through A15 inclusive, were acquired at a variety of 
temperatures and analyzed in terms of conformational order 
parameters. It was demonstrated that while orientational 
order waS very Similar in the liquid-crystalline state 
regardless of double bond position, significant differences 
in chain ordering were manifest in the gel-state with 
different sites of unsaturation. These results suggest that, 
even in the densely packed gel-state, regions of the fatty 
acyl chains differ in their susceptibilities to 
conformational perturbation. Nevertheless, normalization of 
the Siop values with respect to the gel torlaquid= 
crystalline phase transition indicated that the lipid phase 
state remains the preeminent determinant of overall 
Orientation order. 

The fatty acid compositions of membranes of A. 
laidlawii B, enriched with each of the isomeric CisS-octa- 
decenoic acids studied, are listed in Table 4 for the 
typical case of coenrichment with 8F16:0. When other 
monofluoropalmitic acids were substituted, Similar results 


were obtained. In all cases the products of de novo fatty 
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acid biosynthesis in A. laidlawii B, specifically 12:0, 
Ve OF htG Osandehes0 (Saito.et aj..=1977),, -contributed 
minimally to the membrane fatty acid composition, reflecting 
eheveibect stot jrohibitionswitheavidiny(Silvius and 
McElhaney, 1978a). In turn, the combination of fatty acids 
provided exogenously together generally accounted for more 
than 90% of the total membrane fatty acids present. Levels 
of enrichment were greatest when the physical properties of 
the particular cCiS-octadecenoic acid presented the least 
challenge to the organism's ability to grow (Silvius and 
McElhaney, 1978a). The membranes enriched with 18:1cA7, A8, 
A9e AlQeor Ai2 contained significant.quantities.of. 16:1 in 
addition to the fatty acids provided in supplement. Since A. 
Jaidlawii B can neither biosynthesize nor degrade 
unsaturated fatty acids, it must be assumed that this 
"contaminant" was concentrated from background levels in the 
media (Saito et al]l., 1977). 

The ratio 18:1cAx/xF16:0 present in the membrane lipids 
generally corresponded to that originally provided 
exogenously, indicating that, as demonstrated previously 
(McDonough et a/]., 1983; Macdonald et al]., 1983), the 
monofluoropalmitic acids are readily incorporated by A. 
laidlawii B. The generally high levels of supplement 
incorporation and low levels of background de novo 
biosynthesis would indicate that the reported order 
parameters represent almost exclusively the effect of the 


CisS-octadecenoic acid of interest upon the orientational 
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Order of the monofluoropalmitic acid probe. 

The position of the phase transition of the polar 
lipids extracted from each membrane sample employed were 
determined utilizing DSC. Representative endotherms are 
illustrated in Figure 15. The endotherms were typically 
somewhat asymmetric and similar to transition endotherms of 
A. laidlawii B membrane lipids reported previously from this 
laboratory. For any particular isomer of CiS-octadecenoic 
acid, the T, of the membrane polar lipids varied only 1° to 
2°C over the range of monofluoropalmitic acids utilized. 
Although transition enthalpies were not calculated in each 
case, where eStimated, AH was approximately 80% of that of 
the corresponding di-octadecenoyl PC (Barton and Gunstone, 
1975). Values of “AT,¢_55. were in these cases in the trange of 
6° to 11°C, in good agreement with values reported 
previously from this laboratory for A. lJaidlawii B membrane 
lipids highly enriched with a variety of fatty acids 
(Silvius et al]., 1980). Figure 16 illustrates the variation 
SfeT,, With the position. of the cis-double bond along) the 
eighteen-carbon chain. The T,'s of the corresponding 
synthetic di-cis-octadecenoyl PC's (Barton and Gunstone, 
1975) are included for comparative purposes. In both cases 
the T,,'S were minimal when the cis-double bond was located 
near the center of the acyl chain and increased 
progressively as the double bond was relocated towards 
either the carbonyl headgroup or the methyl terminus of the 


acyl chain. The alternation of the melting points exhibited 
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Variation of Tm with the position of the site of cis- 


Figure 16: 
The 


unsaturation in A. laidlawii B total membrane polar lipids. 


data on di-cis-octadecenoyl-phosphatidyl cholines was taken from 


Barton, P.B. and Gunstone, F.D. (1975) J. Biol. Chem. 250, 4470- 


4476. Open circles, A. laidlawii B total membrane polar lipids; 


closed circles, 1,2-dioctadecenoyl-sn-glycero-3-phosphorylcholines. 


The brackets represent the values of AT)9-90- 
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by the fatty acids themselves (Gunstone and Ismail, 1967b) 
Wasenotr observed, Values of T. for the AZ. llaidlawii B 
membrane polar lipids were consistently greater than those 
Diwtmie corresponding di-cis-octadecenoy! PC's. This effect 
May pe attributed to the presence? in the A. Jaidlawit B 
membrane lipids of 10% to 20% of the generally higher- 
melting point monofluoropalmitic acid as well as to 
differences arising solely as a result of the glycerolipid 
headgroup composition of A. Jaidlawii B membrane lipids. 
'?F-NMR order profiles were acquired at a variety of 
temperatures for each isomer of CiS-octadecenoic acid from 
A4 through A15 inclusive. These order profiles are 
illustrated in Figure 17. At 310°K all isomers exhibited the 
progressive decrease of orientational order, with its 
decline towards the methyl termini of the acyl chains, which 
is characteristic of the order profiles obtained by other 
techniques, such as 7H-NMR, at temperatures above the gel to 
liquid-crystalline phase transition (Seelig, 1977; Stockton 
et a]l., 1977). Provided that over the range of temperatures 
studied the membrane lipids remained in the liquid- 
crystalline state, the shape of the order profiles remained 
relatively constant with decreasing temperature, while 
overall orientational order increased marginally. This 
Situation can be seen to apply particularly to the cases of 
the AQ and Al1 isomers and similar results have been 
obtained previously using both *H-NMR (Seelig and Seelig, 


1977) and '‘*F-NMR (Macdonald et al., 1983) techniques. In 
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that the **F-NMR order profiles obtained at 310°K = where in 
each case the membrane lipids would have assumed the liquid- 
crystalline: state - were: highly similar regardless of the 
position of the site of unsaturation, there was no evidence 
of the local ordering effect of a Cis-double bond upon a 
neighbouring saturated acyl chain as reported by Seelig and 
Seelig (1977). However, since we report order parameters 
only for every second methylene segment, this finding is not 
particularly surprising. When the temperature range which 
was employed overlapped into or entirely encompassed the gel 
to liquid-crystalline phase transition, there was a dramatic 
increase in overall orientational order with decreasing 
temperature and the order profiles for different isomers of 
Cis-octadecenoic acid began to acquire distinct dissimi- 
larities. At 279°K, the lowest temperature employed, only 
four of the CiS-octadecenoic acid-enriched membranes 
contained large quantities of gel-state lipid and these 
corresponded to isomers with positions of unsaturations 
nearest either the carbonyl headgroup or the methyl terminus 
ofathepacyliechaint 

The order profile, in the gel-state, of membranes 
enriched with 18:cM4 was almost flat with individual values 
Dies, owhmapproaching' 068, hindicat ingra highly ordered state 
with all methylene segments experiencing an approximately 
equal degree of disorder. In contrast, the order profile of 
membranes enriched with 18:1cA15, when obtained at 279°K, 


indicated that a gradient of disorder still existed with 
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Smo1 varying from, 0.86 nearest the carboxyl headgroup to 
approximately 0.5 near the fatty acyl chain methyl terminus. 
A similar gradient of disorder remained at 279°K in 
membranes enriched with 18:1cA14. In addition, a comparison 
of the order profile at 279°K in the case of enrichment with 
WiMichS, = wath theitorder’ the profide:obtained at :295°K an the 
Case sOleennirchmenti with i8 sich »taga im :tends: to: wmdicate 
that the disorder gradient is much more pronounced in the 
gel-state when the site of unsaturation is near the methyl 
terminus of the acyl chain than when it is near the carboxyl 
headgroup, Since at these temperatures these two isomers are 
in approximately equal physical states with respect to the 
gel to liquid-crystalline phase transition. 

The effects of ciS-unsaturation on molecular order in 
the liquid-crystalline state have been studied in both model 
and biological membranes. Seelig and Seelig (1977) compared 
the ordering of the palmitic acyl chain of POPC with its 
equivalent in DPPC via *H-NMR. Although a local ordering 
effect of the cCis-double bond could be discerned in the 
order profile of the neighbouring palmitic acyl chain, the 
head-to-tail distribution of order parameters was generally 
Similar in the presence or absence of an adjacent cis-double 
bond. When compared at the same temperature, the palmitic 
acyl chains in DPPC were overall more ordered than the 
palmitic acyl chain in POPC. This result could be directly 
related to the lower lipid phase transition temperature of 


POPC (~5°C) relative to DPPC (41.8°C). However, when 
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compared at a conStant temperature relative to their 
respective phase transition temperatures, the palmitic acyl 
chains of DPPC were overall Jess ordered than those in POPC. 
Thus the cis-double bond restricted the range of 
conformations available to the adjacent acyl chain and this 
characteristic was evident only when the two systems were 
compared under conditions where they were subjected to the 
Same average molecular forces. 

The quadrupolar splittings of specifically deuterated 
sn-2 oleic acyl chains in POPC exhibited a sharp minimum at 
the C-10 position, the location of the cis-double bond 
(Seelig and Waespe-Sarcevic, 1978). This observation could 
be explained in terms of an average inclination of the 
Cis-double bond of 7-8° with respect to the bilayer normal. 
When corrected for this geometric consideration, the order 
parameter profiles of the unsaturated sn-2 acyl chain were 
very Similar to those of the saturated sn-7 chain or POPC. 

Gally et a]. (1979) incorporated specifically 
deuterated oleic acids into the membrane lipids of a fatty 
acid auxotroph of £. co/i and observed the same sharp 
minimum in the positional dependence of the quadrupolar 
splittings at the C-10 position that was observed in the 
model POPC system. Rance et a]. (1980) demonstrated that the 
orientation of the rigid cis-double bond inferred from the 
quadrupolar splittings in POPC and £. coli was manifest as 
well in membranes of A. Jaidlawii B enriched with 


specifically deuterated oleic acids. 
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The *H-NMR studies agree then that in the liquid- 
crystalline state, in both model and biological membranes, 
Uhesshape “Or tthe torder’(profile’ i's) relatively? constant, 
whether it be the oleic acyl chain after correction for 
geometric considerations or a neighbouring palmitic acyl 
chain. Moreover, specifically deuterated elaidic acyl chains 
incorporated into PEPC exhibit an order profile very similar 
to POPC or DPPC (Seelig and Waespe-Sarcevic, 1978). Although 
it 1S possible to discern the effects of specific structural 
Substituents upon the shape of the order profile in the 
liquid-crystalline state via '°F-NMR (Macdonald et al., 
1983) as well as by *H-NMR (Seelig and Seelig, 1977), these 
changes are small when compared to the temperature 
dependence of the order parameters. It seems likely that the 
plasticity of the liquid-crystalline state is sufficient to 
accommodate a diversity of fatty acyl structural 
substitutents without seriously affecting the head-to-tail 
Gradient ofwconfiigqurational probabil ities“ The ipresent 
observation that, provided the A. Jaidlawil B membrane 
ipide> were linear tliiquid-crystalline state athe o’%R=NMR order 
profiles were similar regardless of the particular isomeric 
CiS-octadecenoic acid present, lends further credence to 
this conclusion. 

Further to this point, it is instructive to note that 
the positional dependence of the quadrupolar splittings 
obtained with specifically deuterated fatty acids 


incorporated into nematic, smectic or cholesteric 
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liquid-crystal hosts display a head-to-tail gradient of 
orientational order similar to that observed in a in pid 
bilayer (Forest and Reeves, 1979; Covello et al., 1983: 
Davis, 1983; Alcantara et al]., 1983). Here the common 
denominator is a preferred orientation of the molecules 
along a particular axis, and chain motions which would alter 
thenenienitativon: of ithe: entire acyl chain wr va portion 
thereof are necessarily restricted to those which are 
concerted or cooperative. An acyl chain experiencing overall 
isotropic reorientations manifests a gradient of multiple 
internal rotations (e.g., trans-gauche isomerizations) which 
accumulate in frequency in a linear fashion from the centre 
of mass (the polar headgroup) towards the methyl terminus 
(Brown et a]., 1979). It is the interplay of these two 
forces in the lipid bilayer, restriction due to preferred 
Orientation vs progressively accumulating internal 
reorientations, which is manifest in the observed bilayer 
orientationalworder: profiilewdnm the Liquid-crystalline 
state, trans-gauche isomerizations and tilting of the acyl 
chains are (relative to the gel-state) highly probable and 
chain-packing restrictions much ‘less severe.’ Thus) it as=not 
Surprising that acyl chains in the liquid-crystalline state 
are able to accommodate structural substituents in any 
portion of the chain without markedly affecting the head-to- 


tail range of available conformations when their motional 


freedom is so great to begin with. 
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In the ‘gel-state, fatty acyl chain-packing densities 
increase subStantially and the restriction of acyl chain 
motional freedom is severe. Thus the orientational order 
parameters of straight-chain saturated fatty acids approach 
the theoretical maximum in the gel-state whether measured 
via *H-NMR (Allegrini et a]., 1983) or '°F-NMR. One might 
predict that the inclusion of structural substituents which 
perturbed the acyl chain packing and relieved the 
restriction of motional freedom would manifest this effect 
in the orientational order profile. The gel-state order 
profiles of membranes enriched with 18:1cA14 or 18:1cA15 
indicate that when a cCisS-double bond is located proximal to 
the methyl terminus of an acyl chain, it perturbs the chain 
packing in the gel-state sufficiently to permit a 
Substantial increase in motional freedom in its immediate 
vicinity. This can be most readily appreciated when it is 
noted that the '°F-NMR gel-state order profiles of A. 
laidlawii B membranes enriched with palmitic acid are 
characteristically flat with any residual disordering being 
evenly distributed along almost the entire length of the 
acyl chain. When the cis-double bond is located near the 
acyl chain carbonyl headgroup, there is little evidence of a 
local increase in motional freedom but rather there is a 
decrease in orientational order at all chain segments 
relative to the comparable situation in palmitic 
acid-enriched A. Jaidlawii B membranes. This observation can 


be most readily interpreted if it is assumed that the 
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portion of the acyl chain posterior to the cCis-double bond 
1s tilted with respect to the bilayer normal and experiences 
an approximately equal and small degree of disordering at 
each chain position due to trans-gauche isomerization. This 
circumstance further suggests that the acyl chains are less 
Susceptible to packing perturbations in the region near the 
carbonyl headgroup than near the methyl terminus. Therefore, 
even in the gel-state, the stringency of packing 
restrictions is subject to variation across the width of the 
bilayer. This conclusion is supported by a ?H-NMR study of a 
mixture of deuterated palmitic acid and lysophospholipid 
(Allegrini et al., 1983) in which it was reported that, 
although quadrupole splittings approached the theoretical 
maximum in the gel-state for chain segments C-2 to C-13, at 
positions further towards the chain terminus orientational 
order still decreased progressively and substantially. 
Figure 18 compares the chain-average order parameters 
for each isomer of cis-octadecenoic acid at the reduced 
temperature, T,;. This comparison is intended to normalize 
fhe data with respect to the gel to liquid-crystalline’ phase 
transition so that effects attributable to differences in 
the phase transition temperature can be eliminated or at 
least minimized (Seelig and Seelig, 1980). The chain-average 
order parameters in Figure 18 all fall within a relatively 
narrow band, indicating that all isomers assume approxi- 
mately similar states of orientational order at equal values 


of reduced temperature, regardless of the position of the 
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Figure 18: Normalization of the chain average order in the presence 
of isomeric cis-octadecenoic acids with respect to the lipid phase 


transition Tm. Ty, and the chain average order were calculated as 


described in the text. 
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Site of unsaturation. The average order increased slowly as 
the temperature decreased toward the lipid phase transition 
(T, = 0), began to rise exponentially as that transition was 
traversed and plateaued at Spo, = 0.8. Although a direct 
comparison of the average order of all isomers at all values 
of reduced temperature is not possible with these data, it 
canebeodiscerned that:,.ini the’ regions 0m< orece th Orice 
isomers with double bonds situated near Ane centre of the 
fatty acyl chain are generally more ordered than those 
isomers with sites of unsaturation further towards either 
the carboxyl headgroup or the methyl terminus of the fatty 
acyl chain. In addition, the differences noted earlier in 
the order profiles of A4, A5, A1l4 and A15 isomers are 


manifest, particularly at T, = -0.04. 


Isomeric trans-Octadecenoic Acids 

The trans-double bond, although not a common or usually 
even a natural constituent of biological membranes, has 
nevertheless been of interest in the experimental 
manipulation of membrane fatty acid composition. Fatty acids 
containing sites of trans-unsaturation are capable of 
supporting the growth of unsaturated fatty acid auxotrophs 
of E. coli, can be incorporated by Mycoplasma capricolum and 
A. laidlawii B to the extent that their membrane lipids are 
virtually homogeneous with respect to these fatty acids, and 
apparently are able to support normal membrane functioning 


in these circumstances (the effects of membrane lipids on 
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growth and membrane activities has recently been reviewed by 
McElhaney, 1982a). The trans-double bond provides an 
intermediate level of fluidity between saturated and 
cis-unsaturated fatty acids. (for a recent review, see 
McElhaney, 1982b). 

In this section I extend studies of the orientational 
order of MFPA's incorporated into the membrane lipids of A. 
Jaidlawii B in the presence of fatty acids containing 
various structural and positional substituents to the cases 
of three positional isomers of trans-octadecenoic acid. 

The '’F-NMR orientational order parameters of A. 
laidlawii B membranes enriched with small amounts of one of 
a series of positional isomers of MFPA plus large amounts of 
one of the trans-octadecenoic acids 18:1t46, AS or All, were 
obtained at temperatures corresponding to either the liquid- 
crystalline or the gel-state. The resulting bilayer order 
profiles provided evidence of specific local effects of the 
trans-double bond which could be correlated with the 
positiom/lofethe ’site ofunsaturation inveither* of the two 
phase states. Normalization of the orientational order data 
with respect to the calorimetrically determined gel to 
liquid-crystalline phase transitions then permitted a 
comparison of the overall temperature dependence of 
orientational order in the presence of trans-unsaturation 
with that observed in the presence of other structural 
substituents. A coherent picture of the manner in which the 


trans-unsaturated species affects the bilayer stability 
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emerged when these specific local and general overall 
effects were considered together. 

Tables ivsts the fatty acid composition for each) cace 
of supplementation with a particular combination of isomeric 
trans-octadecenoic acid plus isomeric monofluoropalmitic 
acid. The membrane fatty acid profiles were highly similar 
regardless of the position of the trans-double bond or of 
the monofluoro-substituent. The exogenously supplied fatty 
acids generally accounted for 90 to 95 mole % of the 
membrane fatty acids with the products of de novo 
biosynthesis (12:0. 1420, -l6:0: and W630 Sarto et wal.% 1977) 
accounting for the remainder. The proportion of trans-acid 
to monofluoro-acid provided in the supplement was retained 
in the A. laidlawii B membranes. 

Figure 19 illustrates the gel to liquid-crystalline 
phase transition endotherms obtained by DSC for the membrane 
lipids of A. Jaidlawii B supplemented with 85% 18:1tA9 plus 
15% monofluoro-16:0 for each particular monofluoropalmitic 
acid employed. These phase transition endotherms are quite 
distinct from those reported previously from this laboratory 
for A. laidlawii B membrane lipids highly enriched with 
Particular fatty acids. (efg# McDonougm eital-7, 1983), 01n 
that the presence of two separate thermotropic events could 
be discerned. The lower temperature transition (T,) 
accounted for 60 to 65% while the higher temperature 
transition (T,) accounted for 35 to 40% of the total 


enthalpy. The separation of the two transitions (AT {—T 3); was 
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Table SB: Composition of A. 
Various Proportions jof ElaidieyAcid Plus "“Palmitie Achd 


Supplement ® 


100% 


90% 


80% 


70% 


60% 


50% 


“Final fatty acid concentration was 0.12 mM. 
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largest when the monofluoro substituent was near the 
carbonyl headgroup or the methyl terminus and smallest when 
the monofluoro substituent was located near the center of 
the acyl chain. These characteristics, the presence of two 
separate thermotropic events, their relative enthalpies, and 
the dependence of their separation on the position of the 
monofluoro substituent, were observed for each of the three 
isomeric trans-octadecenoic acids employed. 

Table 6 Summarizes the calorimetric data for these 
membranes and includes, for comparison, data previously 
reported by Silvius et a/. (1980) for fatty acid-homogeneous 
A. laidlawii B membranes and PC's (Silvius and McElhaney, 
1979) containing various trans-octadecenoic acids. The P2/P1 
ratio for 18:1A9 reported by Saito et a]. (1977) suggests 
that trans-octadecenoic acids are six times as likely as 
palmitic acid to be esterified at the sn-2 position of the 
glycerol backbone of A. Jaidlawii B membrane lipids. This 
preference is sufficient to suggest that when the supplement 
is 85% 18:1tAx plus 15% yF16:0, the membrane lipids contain 
approximately 30% of a mixed acid species (yF16:0/18:1tAx) 
ena #.0% of a di-acid species (18:1tAx/18: 1tAx). “Sincevthe 
lower temperature transition (T,) observed here most closely 
corresponds to previously reported values of the phase 
transition temperatures of A. Jaidlawii B membranes or PC's 
containing trans-octadecenoic acids, it would seem 
reasonable to suggest that this transition could be 


attributed to a di-acid species, while the higher 
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temperature transition (T2) could result from the presence 
of a somewhat immiscible mixed-acid species containing a 
generally higher melting monofluoropalmitic acid. This 
suggestion is further supported by the observation that the 
proportion of the enthalpies of the two transitions, 
AH,/AH2z, was generally 65/35, roughly corresponding to the 
expected proportions of the di-acid/mixed acid species under 
these conditions. 

However reasonable these arguments might seem, the 
possibility that headgroup immiscibility as well as acyl 
chain immiscibility contributed to the observed phase 
separations cannot be excluded. DSC endotherms of A. 
laidlawii B lipids are generally somewhat asymmetric 
(McElhaney, 1982b) and the individual headgroup species in 
A. laidlawii B membranes, when isolated, exhibit 
Significantly different and sometimes complex phase 
behaviour (Silvius et a]., 1980), suggesting that the 
asymmetric transitions observed with total A. laidlawii B 
lipid extracts may be composites of unresolved individual 
glycerolipid species transitions. It is noteworthy as well 
that the differential thermal analysis (DTA) endotherms for 
A. laidlawii B membrane lipids highly enriched with 18:1tA9, 
show the presence of two distinct thermotropic events 
(McElhaney, 1974). Moreover, it is generally held that 
immiscibility originating in the fatty acyl chains can be 
correlated with the differences in melting temperatures of 


the species involved (Mabrey and Sturtevant, 1976). It does 
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not seem @ priori that the melting temperatures of a 
di-18:1tA9 species and a mixed 16:0-18:1tA9 species should 
be sufficiently different as to lead to the extensive phase 
Separation observed here. However, McElhaney (1982b) has 
pointed out that subtle structural features as wéll as 
differences in T, affect phase state miscibility in model 
membranes. 

In an attempt to distinguish the effects of headgroup 
vs acyl chain immiscibility I obtained the DSC endotherms at 
BeouUmMbDem Of Scan rates §40°™52 2° and 1°/min) tof membrane 
tipids of A. Jaidlawii B containing-various ratios of 16:0 
to 18:1tA9. These endotherms are illustrated in Figure 20 
for scan rates of 5°C/min. At all proportions of 16:0 tested 
Wy, weO, 305. 40 cand.50" Mole %aloe0 Tinie stA9), two 
Separate thermotropic transitions could be discerned. With 
increasing amounts of 16:0, three changes were noted. 
Firstly, the temperatures of both the lower temperature (T,) 
and higher temperature (Tz) transition increased, by 
approximately 7°C and 14°C, respectively, as the 
concentration of the higher-melting palmitate was increased 
over the irange’:0 to +50 mole %. Secondly,.the separation of 
the two transitions, AT,-Tz, progressively increased from 
about 4°C at 100 mole % 18:1tA9 to almost 11°C at 50 mole % 
16:0. Thirdly, the proportion of the total transition 
enthalpy attributable to the higher-temperature transition, 
T,, decreased from approximately 50% at the lowest 


concentration of 16:0 to less than 30% at the highest 
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ENDOTHERMIC ———> 


270 280 290 300 310 320 330 
TEMPERATURE (°K) 
Figure 20: DSC endotherms of membrane lipids of A. laidlawii B 
supplemented with various proportions of 18:1t49 plus 16:0 illustrated 
for scan rate of 5°K/min. (---), interpolated baseline. A - 100% 
18:1t49; B —- 90% 18:1tA9 + 10% 16:0;> C = 80% 18:1t49 + 20% 16:0: 
D - 70% 18:1td9 + 30% 16:0; E - 60% 18:1tA9 + 40% 16:0; F — 50% 


18:1tA9 + 50% 16:0. 
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concentrations of 16:0. These observations were independent 
of the scan rate at which the endotherms were obtained, 
indicating that there were no kinetic limitations on the 
rates of the phase transitions which might obscure the true 
phase behaviour, although the temperatures of both the 
lower- and higher-temperature transitions appeared to 
increase by approximately 5°C from the lowest to the highest 
Scan rate, due to instrumental heat-flow limitations. 
Consider first the possible distribution of the two 
fatty acyl species, 16:0 and 18:1tA9, among the major lipid 
classes of this organism. Saito and McElhaney (1977) 
observed that, although differences in the fatty acid 
composition of the glycolipid vs the phospholipid membrane 
components could be discerned when endogenous fatty acid 
biosynthesis was predominant, under conditions of high 
enrichment with exogenous fatty acids these differences 
disappeared. Thus, we would expect that at each ratio of 
16:0/18:1tA9 tested, the fatty acid composition of each of 
the major membrane polar lipids of A. lJaidlawii B would be 
approximately identical and would reflect the ratio of 
16:0/18:1tA9 provided exogenously. Furthermore, the P2/P1 
ratio of 18:1tA9 relative to 16:0 reported by Saito et al. 
(1977) was approximately 6 for each of monoglucosyl 
diglyceride (MGDG), diglucosyl diglyceride (DGDG) and 
phosphatidyl glycerol (PG) and was practically independent 
of the proportion of the two fatty acids compared. We would 


further expect, therefore, that at each ratio of 


a 

rnabcsqgehiu ee archney VeRO sulle so 
matesne sey 2 a reriagas eee se iv 
te enorves iaot 3,7SnTe at yew atad? jad 
f%. SteaeaG ip iy dineey capesiaenays s2ehg odie : 
jad 38 Zo ee adh Higwens is es 
se Ree 2h! } ‘7 orilgieaegites-> od0id Gm 
5 AZaeD a7 oe Ege gistebisovgas ee 
Seeiiwt) Weil ' tee Lt preereaees | ot sub! Mita 

7 a 


ee Was me ie ee tag 

4 xered te Ung oo Re. Lien te aida” 

4 di 9) =o tot Reerr is ans : 

sresimele Big thige bre} Gd) a sere? * : ae 


i553 Vient <noespaaf= 


dor 26 eracrianet + 


igp ASgs 26 Tenn 
‘moe | oe core recatic 4 


F rt | “Vidas 


(VS bes aan eae & 


is Yo 08182. ya bas iGo). ate hs 


” e' 


| inaenaqabat ites ents al 


_ 


‘Bean a PDSERGMOS abi 36. 


in” oF Mae? sa at le st 


fron Weis 4 attire 9) Cae Nie 
vo <~. = Oe 


| | 


16:0/18:1tA9 and for each of the major polar lipid 
components, the palmitic acid chains will be preferentially 
esterified to the sn-1 position and that the proportion of 
mixed-chain (16:0, 18:1tA9) and di-acid (18:1tA9) species 
will vary directly as the ratio of 16:0/18:1tA9 provided 
exogenously, sfrom “00%.idi-acid ispec ves at 100% o18i1tA9) to 
100% mixed-acid species at 50/50-16:0/18:1tA9. These various 
points indicate that @ priori we would expect little 
difference in the fatty acid composition or positional 
distribution of fatty acids within any of the major polar 
lipid components of A. lJaidlawii B under these experimental 
conditions. 

Consider next the expected changes in the polar lipid 
composition as the ratio of 16:0/18:1tA9 is varied. The 
ratio (MGDG + DGDG)/PG has been reported to be relatively 
invariant with altered fatty acid composition generally 
averaging jaboutmaivalueiof Gel Silwrus efials./e1980)eoiin 
contrast, the ratio MGDG/DGDG was found to be highly 
variable: equal] ing):0\.86: atxhighidevels: of 1821tAI and 
increasing markedly as the degree of saturation was 
increased (Silvius et a/]., 1980). Therefore one expects the 
neutral lipid composition to change from predominantly DGDG 
at 100% 18:1tA9 to predominantly MGDG at 50% 16:0/50% 
18:1tA9. It can further be noted that the neutral lipids in 
general and DGDG in particular display complex phase 
behaviour in DTA studies of isolated lipids and melt at 


temperatures up to 10°C higher than the overall membrane 
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Mipidiphase transition »(Silvius set calc) .£980): 

Turning then to the DSC endotherms we obtained with 
different ratios of 16:0/18:1tA9, we observe effective phase 
separation at all proportions. Assuming 100% di-acid Species 
at 100% 18:1tA9 and 100% mixed-acid species at 50% 16:0/50% 
18:1tA9, it must be concluded that headgroup immiscibility 
1S responsible for the observed phase separations under 
these conditions, since little fatty acid compositional 
heterogeneity should be expected. Since the temperature of 
both the lower-temperature and higher-temperature 
transitions increased as the proportion of 16:0 was 
increased, it is apparent that this fatty acid was readily 
incorporated into the polar lipid species responsible for 
both transitions. Since the enthalpy of the higher- 
temperature transition decreased relative to the lower- 
temperature transition as the proportion of 16:0 increased, 
while it is expected that the ratio of MGDG/DGDG should 
increase greatly under the same conditions, it is not 
unreasonable to conclude that the higher temperature 
transition is attributable to the immiscibility of the 
generally higher-melting, DGDG species. This conclusion 
further suggests that headgroup immiscibility is responsible 
for the thermotropic behaviour of membrane lipids containing 
85% 18:1tAx plus 15% yF-16:0. Thus the monofluoropalmitic 
acids are probably not particularly enriched in the polar 
lipid species responsible for either the lower- or higher- 


temperature transition but are most likely evenly 
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distributed among all species, as concluded previously from 
direct experimentation (McDonough et a/., 1983). As a basis 
for comparison among the various isomeric trans-octadecenoic 
Studied here, I have therefore used the centre of the entire 
phase transition rather than one or the other of the two 
distinct thermotropic events. 

"°F-NMR order profiles are illustrated in Figure 21 for 
each of the three isomeric trans-octadecenoic acids studied 
at temperatures above (310°K), just below (289°K) and well 
below (279°K) the gel to liquid-crystalline phase 
EGansation. Invtheyliquid-crystalfine state at03 10°Ke" the 
Order profiles were qualitatively similar for each isomeric 
trans-octadecenoic acid, with a region of relatively 
constant order preceding a region of progressively declining 
order towards the methyl terminus of the acyl chain. 
Nevertheless, it was possible to observe a local disordering 
effect of the trans-double bond in the '°F-NMR order profile 
as reported previously (Macdonald et a]., 1983). The order 
profile of 18:1tA6 most closely resembled that of a 
straight-chain saturated fatty acid such as 15:0 or 16:0. 
Given the inequality of the penetration into the bilayer of 
the sn-1 and sn-2 esterified acyl chains and the fact that 
the methylene segment nearest the carbonyl headgroup were 
not monitored, this result is not surprising. Furthermore, 
it is expected that chain-packing densities should increase 
substantially nearer the lipid polar headgroup so that local 


ordering or disordering effects of particular Substituents 
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Should be less readily manifest. The local disordering 
effect of the trans-double bond was most apparent in the 
case of 18:1tA9 but was also apparent in the order profile 
obtained in the presence of 18:1tA11. Seelig and 
Waespe-Sarcevic (1978) described the *H-NMR order profile of 
re uG 0G SENOS aPC cand: found) noiadi Eferences:tbet ween ithe 
order profile of the elaidoyl chain and that of a palmitoyl 
chain in DPPC. However, the same may be said of the 
Cis-double bond after correction for geometric 
considerations, despite its local ordering effect ona 
neighbouring chain (Seelig and Seelig, 1977). 

At a temperature just below the phase transition 
(289°K), orientational order increased substantially at all 
positions for all isomeric trans-octadecenoic acids. Despite 
the predominance of gel-state lipid at this temperature the 
values of the order parameters had not yet approached the 
theoretical maxamum rof h.t0 «ebm ‘addi tronmpeca chead=tosta il 
gradient in orientational order was still apparent at 289°K. 
The much greater disorder of the 18:1tA9 isomer at 289°K may 
be simply due to the fact that, at this temperature, 
membranes enriched with this isomer were closer to their 
phase: transition ithanveither wf theyotherimisomers (see 
Table 6). 

At 279°K each of these membrane preparations were well 
below their respective gel to liquid-crystalline phase 
transitions. The order profiles at 279°K were characteristic 


of a highly ordered lipid state with individual values of 
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Smo1 approaching but not achieving the theoretical maximum. 
Despite this uniformly high ordering, the order profiles 
indicated that, even far below the phaseet ransitponyvanethe 
presence of a trans-double bond a head-to-tail gradient of 
Orientational order still existed. In keeping with the 
previously reported conclusion that certain structural 
Substituents more readily manifest a disordering effect in 
the gel-state when they are located further from the 
carbonyl headgroup of the fatty acid, it could be discerned 
that the head-to-tail gradient of order was more pronounced 
in the presence of 18:1tA9 or Al1 than in the presence of 
18:1tA6. In fact, the gradient of order in the presence of 
18:1tA11 was greater than that of 18:1tA6 even at 289°K,. 
Thus the trans-double bond was apparently able to somewhat 
disrupt or prevent the assumption of a uniformly highly 
ordered state. This effect was therefore manifest as a 
Gradient of disorder that remained in the gel-state. It is 
pertinent to note that the gel-state order profiles of 
straight-chain saturated fatty acids obtained by *H-NMR 
PAIMegriniies Aloe 1983) ors SE=NMReare relatively flat, 
with very little head-to-tail decrease in orientational 
order. This disruption due to a trans-double bond is, 
however, much less pronounced than that observed in the 
gel-state in the presence of a ciS-double bond. The 
implication is then that the decrease in the temperature of 
the phase transition in the presence of a CiS- or 


trans-double bond may be qualitatively correlated with the 
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extent of disordering in the gel state attributable to a 
particular substituent. 

Figure 22 compares the chain-average order parameters 
for each of the three isomers of trans-octadecenoic acid at 
the reduced temperature T,. The value of T, was calculated 
using the temperatures corresponding to the middle of the 
entire phase transition listed in Table 6 as T,,. When this 
comparison was made, it became apparent that the 
trans-octadecenoic acids behaved very similarly as a class 
with respect to the phase transition. In the liquid- 
crystalline state overall order increased in an approxi- 
mately linear fashion with increasing proximity to the phase 
transition. Once the center of the phase transition was 
traversed, overall order increased rapidly but only 
approached maximal values when the phase transition was 
greater than 90% complete. When an analogous comparison was 
made of the overall order of an isomeric series of Cis-octa~- 
decenoic acids at a reduced temperature, the dependence of 
order on the phase transition was nearly identical to that 
observed with isomeric trans-octadecenoic acids in 
Figure 22. Thus, the lipid phase transition appears to be 
the preeminent effector of overall order independent of the 


configuration of the double bond (cis or trans) or its 


location along the acyl chain. 
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Figure 22: Normalization of the chain average order parameter with 
respect to the particular phase transition temperature for each case 
of enrichment with a particular isomer of trans-octadecenoic acid. 
Chain average order was calculated as described in the text. The 
mean value of Tm from Table 6 was used to calculate Tr. Dashed line 


shows the % transition completed as a function of the reduced 


temperature. Circles, 18:1t46; Squares, 18:1tA9; trianges, 18:1tAll. 
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Methyl Iso- and Anteiso-Branched Fatty Acids 

The methyl iso- and anteiso-branched saturated fatty acids 
are found as components of the membrane lipids of many 
prokaryotic microorganisms and in some higher organisms, and 
are the predominant fatty acyl species in a variety of 
bacteria (Polgar, 1971; Kaneda, 1977). Branched-chain fatty 
acids are able to support the growth of several unsaturated 
fatty acid auxotrophic bacteria apparently by mimicking the 
properties of unsaturated fatty acids (Rodwell and Petersen, 
19717 tSilbert. et-al., 1973; Silvius and McElhaney, 1978a). 
Both model membrane (Silvius and McElhaney, 1979,1980a) and 
natural membrane (McElhaney, 1974; Blume et a/., 1978; 
Silvius et a/]., 1980) systems exhibit decreased gel to 
liquid-crystalline phase transition temperatures, relative 
to membranes containing straight-chain saturated fatty 
acids, when they are enriched in branched-chain fatty acyl 
species. Despite their widespread occurrence and their 
probable role as membrane "fluidizing" agents analogous to 
the tGis-unsaturatbed:fatty.acids, iat .is;only-recentlysthat 
the physical properties of methyl-branched fatty acids have 
begun to receive attention. Monolayer studies of PC's 
containing methyl branched-chain fatty acids indicate that 
jso-branching and particularly anteiso-branching reduce the 
temperature of the liquid-expanded to liquid-condensed 
transition and also increase the area occupied per molecule 
in the liquid-condensed state (Kannenburg et Aletta 00 3)%. 


Differential scanning calorimetry (DSC) studies have 
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demonstrated that PC's containing methyl-branched fatty 
acids can exhibit complex phase behaviour (Lewis et al., 
1984). The multiple endothermic events observed calori- 
metrically correspond to solid-solid as well as solid-liquid 
thermotropic transitions of the methyl branched chain- 
containing PC's. Fourier transform infrared (FTIR) spectro- 
scopic studies indicate that these solid-solid thermotropic 
transitions may have properties in common with both the 
Subtransition and the pretransition exhibited by linear 
Saturated PC's (Madec et al]., 1984). Fluorine-19 nuclear 
magnetic resonance ('°F-NMR) spectroscopic studies of 
membranes of A. Jaidlawii B enriched with methyl branched- 
chain fatty acids have shown that, in the liquid-crystalline 
State, these fatty acyl species have an apparent overall 
ordering effect on a monofluoropalmitoyl nuclear spin probe 
(Macdonald et a]., 1983). To date, the effects of methyl 
branched-acyl chains on conformation in the hydrocarbon 
emterroreot the, lipid bilayer “in bothethe gel-state ands the 
liquid-crystalline state have not been investigated. Towards 
this end I initiated '*’F-NMR studies of A. laidlawii B 
membranes highly enriched in either a straight-chain 
Saturated, a methyl jso-branched or a methyl anteiso- 
branched fatty acid plus small quantities of various 
isomeric monofluoropalmitic acids as nuclear spin probes. 
Table 7 lists the fatty acid composition for each case 


of enrichment with either 15:0, 16:0i or 16:0a1 plus a 


Particular isomeric MFPA. In all cases the fatty acids 
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provided exogenously accounted for greater than 99% of the 
membrane lipid fatty acids. The products of de novo fatty 
aciaPbiosynithests in At Taidiawit* BY (1422 09°9%:0, 4620 and 
18:0, Saito et al., 1977) were conspicuously absent as 
expected for cells grown in’ the’ presence of “avidin? each 
individually accounting for no greater than 0.1 mole % of 
the total membrane fatty acids. With the exception of cells 
enriched with 15:0, the ratio of the two fatty acids 
provided in the supplement was carried over reasonably well 
into the membrane lipids, indicating little if any 
selectivity towards either of the two fatty acyl species. 
However, in the case of enrichment with 15:0, the mole % of 
monofluoropalmitic acid found in the membrane lipids was 
Significantly less than that provided exogenously. Since 
15:0 represents the upper chain-length limit of the linear, 
Saturated fatty acyl family which will support the growth of 
A. laidlawii B in the presence of avidin (Silvius and 
McElhaney, 1978a), extensive incorporation of longer linear 
Saturated fatty acids such as monofluoropalmitic acids would 
be detrimental to the maintenance of a properly fluid 
membrane and hence to cell growth and viability. Therefore, 
the organism may selectively incorporate proportionately 
fewer monofluoropalmitic acids. Regardless, the levels of 
monofluoropalmitic acid incorporation were adequate sm cell 
cases for the acquisition and analysis of '’F-NMR spectra. 
DSC endotherms of the A. Jaidlawii B membrane polar 


lipid fraction were obtained for each case of enrichment 
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with a particular isomeric MFPA plus either of Us OF ee Os 
Or 16:0ai. Figure 23 illustrates the DSC endotherms obtained 
in the case of enrichment with 16:0i for each of the 
isomeric MFPA's employed. The endotherms were typically 
broad, somewhat asymmetric and generally similar to those 
Feported previously by this laboratory for A. laidlawil B 
membrane lipids (McDonough et al., 1983). The variation in 
Tm from isomer to isomer of MFPA was minimal, generally 
being less than +1°C from the average. Table 8 summarizes 
the calorimetric data for all cases of enrichment studied 
here and provides, for comparative purposes, previously 
reported thermotropic data for PC's (Silvius and McElhaney, 
1979, 1980) and A. laidlawii B membrane lipids (Silvius 

et al., 1980) containing essentially 100 mole % 15:0, 16:01 
and 16:0ai. It is evident from this table that the gel to 
liquid-crystalline phase transition temperature was somewhat 
higher for the A. Jaidlawii B membrane lipids than the 
corresponding phase transition temperature in the PC. The 
presence of approximately 10 mole % MFPA in the A. laidlawii 
B membrane lipids further increased the phase transition 
temperature of the A. Jaidlawii B membrane lipids, as 
expected for these higher-melting fatty acids. Nevertheless, 
the same trend of progressively decreasing phase transition 
temperatures from 15:0 to 16:01 to 16:0ai was evident in the 
PC's, A. laidlawii B fatty acid-homogeneous membrane lipids 


and A. Jaidlawii B membrane lipids containing small amounts 


of MFPA's as well. 
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IOF 16:0 


I2F1I6:0 


ENDOTHERMIC —————————__> 


I4F 16:0 


2(Q. 280° +290) 500 8 oI0 7 20 SoD 
TEMPERATURE (°K) 


Figure 23: Lipid phase transition endotherms obtained by differential 


scanning calorimetry of the membrane polar lipid fraction from A. 
laidlawii B grown in the presence of 85 mole % 16:0i plus 15 mole &% 


various isomeric monofluoropalmitic acids. The scan rate was 5°C/min. 


Dashed line corresponds to the interpolated baseline. 
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Typical experimental '’*’F-NMR spectra of a MFPA 
incorporated into the membrane lipids of A. lJaidlawii B and 
the corresponding simulated spectra are shown in Figure 24 
for A. laidlawii B membranes containing 6F16:0, plus one of 
either 15:0, 16:0i or 16:0ai, at temperatures both above and 
below the particular lipid phase transition. The values of 
the input parameters required to simulate the spectra are 
shown as well. The extensive broadening of the '’F-NMR 
spectrum which occurred upon decreasing the temperature 
through the gel to liquid-crystalline phase transition is 
readily apparent. It is clear as well that the '°’F-NMR 
Spectra were adequately simulated at all temperatures and in 
both the gel and liquid-crystalline phases. An examination 
of the ratio Ao/Smo:1 in the gel-state '’F-NMR spectra 
indicates that at approximately equal temperatures below 
their respective lipid phase transitions, these different 
acyl chain structures have assumed gel-states which exhibit 
markedly different physical behaviour. The methyl branched 
chain-containing membranes failed to achieve the highly 
orientationally ordered gel-state exhibited by linear 
Saturated fatty acyl chains, despite a comparable or greater 
increase in the value of Ao, indicative of the decreased 
rate of lipid lateral diffusion in the gel-state. 

Figure 25 depicts the '’F-NMR order profiles of A. 
laidlawii B membranes enriched with either 15:0, 16:01 or 
16:0ai obtained over a range of temperatures spanning the 


gel to liquid-crystalline phase transitions. These 
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15:0 16:01 I6:Oai 


Ao*1000 
Smo =087 


284 °K | 
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Figure 24: Experimental and simulated F-NMR spectra of membranes of 


A. laidlawii B grown in the presence of 15 mole % 6F16:0 plus 85 mole % 
¥5200(284,,, 301, and 310°K), A6: 049 (2697 42847 and .301°K);, sor 16e0ail (254, 
270 and 186°K). The numbers in brackets represent the temperatures, 


from top to bottom, at which the experimental spectra were acquired. 
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temperatures were chosen to permit comparisons at certain 
values of absolute temperature as well as at certain values 
of the reduced temperature (see below) above or below the 
particular phase transition temperature. In the laqueds 
crystalline state, the '°’F-NMR order profiles exhibit a 
region of relatively constant order followed by a decline in 
Orientational order towards the methyl end of the fatty acyl 
chain. The effects of methyl jiso- or anteiso-branching on 
the '’F-NMR order profile were marginal in the liquid- 
crystalline state, although a local ordering effect of 
methyl-branching could be discerned as a decrease in the 
steepness of the terminal order gradient by comparison with 
the linear saturated situation, as reported previously 
(Macdonald et a]., 1983). The elasticity of the fatty acyl 
chains in the liquid-crystalline state should permit them to 
accommodate the presence of structural substituents such as 
a methyl jso- or anteiso-branch without drastically altering 
the character of the orientational order profile. It has 
become increasingly apparent that the order profile is 
relatively refractory to change in the liquid-crystalline 
State despite alterations to fatty acyl chain chemistry. 
Previously, ‘°F-NMR results have demonstrated that the 
hydrocarbon chain orientational order profiles in membranes 
of A. laidlawii B are highly similar in the liquid- 
crystalline state whether those membranes were enriched with 
straight-chain saturated fatty acids such as 15:0 or 16:0 or 


any of an isomeric series of cCiS-octadecenoic acids or 
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trans-octadecenoic acids or with methyl-branched fatty acids 
Such as 16:01 or 16:0ai. Results obtained with specifically 
deuterated fatty acids via *H-NMR also indicate that the 
liquid-crystalline order profile is relatively invariant 
despite changes in fatty acyl structure. The orientational 
Gudem probilessoftepCs containingecis-unsaturated ifatity 
acids were very similar to those obtained with trans- 
unsaturated fatty acids after correction for geometric 
considerations and these were in turn very similar to the 
order profiles of straight-chain saturated fatty acids 
(Seelig and Waespe-Sarcevic, 1978). These results were 
confirmed by *H-NMR studies in £. coli (Gally et a/., 1979) 
and A. laidlawii B (Stockton et al., 1977; Rance et al., 
1980). The one exception to this generalization appears to 
be the cyclopropyl ring-substituted fatty acids where, even 
after correction for geometric considerations, the *H-NMR 
order profiles in both model (DuFourc et a/]., 1983) and 
biological membranes (Jarrell et al]., 1983) indicate that 
the cyclopropyl substituent experiences a far greater degree 
of orientational ordering than any other portion of the 
fatty acyl chain. 

With decreasing temperature, orientational order 
increased slowly and the character of the order profiles 
remained relatively constant until the lipid phase 
transition was traversed. As the proportion of gel-state 
lipid increased, overall order increased profoundly and the 


order profiles in the presence of different fatty acyl chain 
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Structures began to acquire distinct dissimilarities. With 
Eber straight-chain’ ac id),)\15%05° a high degree of ordering was 
achieved? with? individual values of Si, o4 approaching the 
theoretical maximum. In addition, it can be discerned that 
the gradient of order so prominent in the liquid-crystalline 
Leibate Give Saatesse Ko the Value@orm sm tiak the 14-position 
was approximately 50% of the value at the 6 position) was 
néearlyvabsentvin’ the’ gel=state’(ive.,) at’ 280°K,) the®value of 
Smo;1 at the 14-position was over 90% of the value at the 
6-position). Consequently the configuration of the MFPA 
chain in the presence of 15:0 in the gel-state may be 
described as highly ordered, approaching but not as yet 
achieving an all-trans conformation, with any residual 
gauche rotational isomers distributed with approximately 
equal probability along most of the length of the fatty acyl 
chain. '°’F-NMR gel-state order profiles of A. laidlawii B 
membranes highly enriched with 16:0 were also charac- 
teristically flat with individual values of the order 
parameter approaching the theoretical maximum. Allegrini 

et al. (1983) studied the gel-state *H-NMR spectra of speci- 
fically deuterated palmitic acids mixed equimolar with 
1-palmitoyllyso PC. These compounds together assume a 
bilayer structure, most probably via the formation of a 
functional dimer of lysophospholipid and free fatty acid. 
The free deuterated palmitic acid experiences a higher 
degree of rotational freedom in the gel-state than would 


DPPC, which permits the characterization of its 
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configuration in the gel-state in terms of orientational 
Order parameters. The values of S,,.; obtained in the 
gel-state nearly approached unity for positions C-2 to C-13 
and thereafter somewhat decreased towards the acyl chain 
methyl terminus. Fluorine and deuterium techniques 
apparently agree regarding the conformation assumed by a 
linear saturated fatty acyl chain in the gel-state. 

The inclusion of a methyl-branch substituent had two 
immediately apparent consequences for the gel-state order 
profile of MFPA. In the presence of either a methyl jSo- or 
anteiso-branched fatty acid in the gel-state, a large head- 
to-tail gradient of orientational order remained, and the 
overall order achieved at comparable temperatures below the 
lipid phase transition was Significantly less than was 
observed in the presence of the linear, saturated 15:0. 

The gradient of order which remained in the gel-state 
in the presence of methyl branched-chain substituents 
indicates that these structures are capable of disrupting 
the gel-state acyl chain packing in their immediate 
vicinity. A similar gradient of order was observed via 
'°F-NMR in the gel-state in the presence of isomers of Cis- 
octadecenoic acid with the site of unsaturation near the 
methyl terminus of the acyl chain. Since the '’F-NMR order 
profiles in the gel-state in the presence of isomers of Cis- 
octadecenoic acid with the site of unsaturation near the 
carbonyl headgroup resembled those obtained ine theegel=state 


in the presence of linear, Saturated fatty acids, it was 
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concluded Gat, even in the gel-state, a head-to-tail 
gradient inthe stringency of packing restrictions was still 
present. Th results obtained here with methyl jso- and 
anteiso-brached fatty acyl species confirm that structural 
- substituent!) located near the fatty acyl chain methyl 
-terminus ar( capable of locally disrupting gel-state chain 
packing. 

The seq@nd consequence of the inclusion of methyl 
branched stmictures, which is that the overall order 
achieved in he gel-state was far less than was achieved in 
the presenceof 15:0, is more readily apparent when the 
chain averag order parameters are plotted versus the 
acquisition emperature for the three cases of enrichment 
with either 5:0, 16:0i or 16:0ai, as shown in Figure 26. 
The chain-avizage order waS again simply the numerical 
average of tl> five values of Smo1 obtained at any one 
temperature ir any one case of enrichment. While such a 
data reductic: will obscure differences in the characters of 
the order prciles, it does provide a convenient measure of 
overall orienational order in a given situation. Several 
important feaures are illustrated in Figure 26. At a 
temperature wich was above the lipid phase transition of 
all three enr:zhed membranes, the overall order was 
generally ver’ similar regardless of the particular fatty 
acyl chain stiicture examined. For any one measuring 
temperature aiwhich all fatty acyl chain structures were in 


the liquid-cr¥talline state, overall order was an 
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approximately linear function of (T - T,,) and was relatively 


independent of the particular structure examined. For 


eeonmleyeaets 100K - thor thercase fof it 1020 Sie Fia0 2207) while 
Peaul.nu- .9eCrtanditfor Tthe ‘case of 16s0ai fh Sipe =hol i93iwhake 
T- T, = 23°C. Therefore, overall order generally increased 


with increasing proximity to the lipid phase transition. The 
elope tof tthe /(.T ‘~ T,,)) dependency of wthevoveral) order 
increases with decreasing temperature so that at 310°K the 
effect is really quite minimal and, as was pointed out 
above, the overall order observed at 310°K was quite similar 
regardless of whether 15:0, 16:01 or 16:0ai was examined. At 
a sufficiently high temperature overall order should become 
independent of (T - T,,) and depend only on the measuring 
temperature, provided one is observing exclusively the 
liquid-crystalline state. 

As the acquisition temperature was lowered the overall 
orientational order increased profoundly in a given case of 
enrichment when, and not until, the particular lipid phase 
transition was encountered. Clearly the lipid phase 
transition was the greatest single affecter of orientational 
order regardless of the particular fatty acyl chain 
structure or the absolute temperature of the phase 
transition. Nevertheless, membranes containing methyl 
branched-chain fatty acids appeared to be incapable of 


assuming a gel-state as highly ordered as that observed in 


the presence of 15:0. 
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This effect is again apparent when the orientational 
order data are normalized with respect to the particular 
phase transition temperature via the introduction of a 


reduced temperature, T Figure 27 depicts the chain-average 


‘ies 
Order parameter as a function of the reduced temperature, 


sy for each case of enrichment with either 15:0, 16:0i or 


r? 
16:0ai. The T,, (A. Jaidlawii B homogeneous plus MFPA) data 
of Table 8 were used to calculate T,. All fatty acids showed 
a marked increaSe in orientational order as the proportion 
of gel-state lipid increased, indicating again that the 
lipid phase transition was the preeminent affecter of 
overall orientational order. Nevertheless, at equal values 
of T, below the lipid phase transition, orientational order 
decreased in the progression 15:0 > 16:01 > 16:0ai. 
Evidently these methyl-branched substituents were capable of 
disrupting gel-state chain packing in more than a local 
sense and, in fact, prevented the assumption of the overall 
highly ordered, nearly all-trans state characteristic of 
straight-chain saturated fatty acids in the gel-state. It is 
informative to note that the temperatures of the lipid phase 
transitions in the presence of these fatty acids decrease in 
the same progression as their relative overall order in the 
gel-state, that is: 15:0 > 16:0i > 16:0ai. The implication 
is then that gel-state disordering or instability leads to a 
lower lipid phase transition temperature and that 


alterations to gel-state stability can be produced by 


altering fatty acyl chain structure. 
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There are a number of lines of evidence which indicate 
that methyl branched-chain fatty acids assume a loosely 
packed gel-state. Natural membranes enriched with branched- 
chain fatty acids exhibit unusual X-ray diffraction 
properties below their phase transition temperatures (Haest 
et¥als 1974; "Legendre et °a].,°1980). The sharp 42208 
reflection, which is associated with reflections from the 
closely packed hydrocarbon chains in gel-state lipid, is 
replaced by a broader reflection with a spacing of 4.3 - 

4.4 R in these membranes. Pig pancreatic phospholipase A2, 
which cannot hydrolyze gel-state phosphatidylglycerol in A. 
laidlawii B membranes enriched with straight-chain saturated 
Or unSaturated fatty acids, can attack this phospholipid in 
membranes enriched in branched-chain fatty acids at 
temperatures well below the lipid phase transition (Bouvier 
et al., 1981). Moreover, the lateral segregation of integral 
membrane proteins into protein-rich domains, which is 
normally observed by freeze-fracture electron microscopy at 
temperatures below the lipid phase transition, does not 
eceuruin Armiaidiawil B membranes artificially enriched in 
branched-chain fatty acids (Haest et a/., 1974; Silvius and 
McElhaney, 1980). Finally, monolayer studies indicate that 


PC's containing methyl jiso- and anteiso-branched fatty acids 


reduce the temperature of the liquid-expanded to negudd- 
condensed transition and increase the molecular area 
occupied per PC in the liquid-condensed state (Kannenburg 


et al., 1983). Thus the results obtained in the present 
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Study confirm those obtained in earlier work. 

Bt biseevident sinePigure 27:sthatdkatiivalues act Tr above 
the lipid phase transition, the overall order decreases in 
the progression 16:0ai > 16:0i > 15:0. This observation 
suggests that these methyl branched-chain fatty acids assume 
a more highly ordered liquid-crystalline state than does a 
linear saturated fatty acid. This result was previously 
rationalized in terms of fatty acyl chain-packing effects 
arising from differences in the cross-sectional area 
occupied by these different chain structures (Macdonald 
et al., 1983). Recent monolayer studies by Kannenburg et al. 
(1983) indicate, however, that methyl-branched and linear 
Saturated fatty acids occupy approximately equal cross- 
sectional areas in the monolayer in the liquid-expanded 
State. Packing considerations seem insufficient to explain 
the more highly ordered liquid-crystalline state assumed by 
these methyl branched structures at equal values of T,. The 
simplest explanation may be that at equal values of T, > 0, 
one is actually making comparisons across a wide range of 
absolute temperature. From Figure 26 it can be seen that neat 
310°K, 15:0, 16:0i and 16:0ai are almost equally ordered. As 
the temperature is decreased the orientational order of 
first 15:0 and then 16:0i rises dramatically as the lipid 
phase transition is encountered. However, over the same 
temperature range and in the absence of any phase change, 
the orientational order in the presence of 16:0ai increases 


progressively and significantly. This dependence of 
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Orientational order on absolute temperavure (inthe lili quird- 
crystalline state offers the most probably explanation for 
the apparently higher ordering of methyl branched-chain 


faubyhacidstateconstant valuesaoflTPi>h0. 


A Comparison of Cis and trans Monounsaturation and Cyclo- 
propane Ring Substitution 

Cyclopropane fatty acids are common membrane lipid 
constituents in many gram-negative and a few gram-positive 
bacteria (Christie, 1970; 1973). Biosynthesis of the cyclo- 
propane ring occurs by the introduction, via S-adenosyl- 
methionine, of a methylene bridge across the double bond of 
a CiS-unsaturated homologue. Cyclopropane fatty acids have 
been postulated to be more stable replacements for 
unsaturated fatty acids (Christie, 1970; Cronan and Vagelos, 
1972). Generally, in those organisms in which they are 
found, the proportion of cyclopropane fatty acids increases 
at later stages of growth. 

The overall physical properties of cis-cyclopropane and 
CiS-unsaturated substituted lipids are rather similar. The 
molecular packing of lipids containing cyclopropane fatty 
acids and those containing monounsaturated fatty acids are 
alike (Cullen et a]., 1971), as is their thermotropic phase 
behaviour (Cronan et al., 1979; Silvius and McElhaney, 
1979). However, recent 7H NMR studies indicate that the 
cyclopropane ring constitutes a barrier to propagation of 


motion along the acyl chain and is, at least in this sense, 
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distinct in its behavior from that of the cis-double bond 
(Dufourc et a/]., 1983: Jarrell et alin, pi 98S DUT OUurecEereaiee 
1984). These results support the hypothesis that cyclo- 
propane fatty acids are associated with increased organi- 
zational stability in the membrane, while Simultaneously 
permitting a degree of "fluidity" consistent with proper 
membrane functioning. 

In order to more directly compare the properties of 
cyclopropane ring and monounsaturated substituted fatty 
acids in a lipid bilayer, A. Jaidlawii B membranes were 
enriched with cis- or trans-cyclopropyl fatty acids 
(19:0cp,cA9, 19:0cp,tA9) and cis- or trans-unsaturated fatty 
acids (18:1cA9, 18:1tA9) plus small amounts of one of the 
isomeric series of monofluoropalmitic acids. As previously, 
the thermotropic behavior of the membrane lipids was deter- 
mined via DSC. Table 9 lists the fatty acid composition for 
Sachicasesof enrichment, with either 18s1cA9, 182 teA9, 
19:0cp,cA9 or 19:0cp,tA9 plus a particular isomeric MFPA. In 
all cases the fatty acids provided exogenously accounted for 
greater than approximately 97% of the membrane Lipid staty. 
acids. The products of de novo fatty acid biosynthesis in 4. 
laidlawii B C120 140. .orUrand. 1030, e Santo elmcaiie, 
1977) contributed minimally to the overall membrane lipid 
fatty acid composition, as expected for cells grown in the 
presence of avidin. In general, the ratio of the two fatty 
acids provided in the supplement was faithfully reflected in 


the membrane lipid fatty acid composition. However, some 
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preference for the higher-melting MFPA's may be manifest in 
those cultures supplemented with the low-melting fatty acids 
18:1c49 and 19:0cp,cA9. This may be an attempt by the 
organism to compensate for the "hyperfluidizing" effect of 
these fatty acids on the membrane lipids. 

Figure 28 illustrates endotherms obtained in the case. 
of enrichment with 6F16:0 plus one of the particular fatty 
acids of interest. These endotherms are typical in that, for 
cases of enrichment with other isomeric MFPA's, the overall 
Shapes of the endotherms were similar and the T, (or T,'Ss) 
varied by less than +1°C about the average for that parti- 
cular case. In the case of membrane lipids enriched with 
either 18:1cA9 or 19:0cp,cA9, a single, broad, somewhat 
asymmetric transition endotherm was observed. Most fatty 
acids, when incorporated into membranes of A. laidlawii B 
manifest this type of lipid phase transition endotherm 
(McElhaney, 1974). In contrast, the transition endotherms 
obtained with those membrane lipids enriched with 18:1tA9 or 
19:0cp,tA9 were composed of two partially resolved 
transitions. Such phase separations were observed previously 
in A. laidlawii B membrane lipids enriched with 18:1tA9 
and seem to be attributable to lipid head group immis- 
cibility. Clearly the trans-configuration of either the 
monounsaturated or cyclopropane ring substituent is 
associated with more complex phase behavior of A. laidlawii 
B membrane lipids, since both structures lead to 


observable phase separations. Generally, the miscibility. or 
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the components of a mixture of lipids decreases as the 
difference between their phase transition temperatures 
increases (Mabrey and Sturtevant, 1976). In 4. laidlawii B 
there exists the additional complication that lipid head 
group composition is altered under conditions of supple- 
mentation with different fatty acyl species (Silvius et al., 
1980). Were it not for the fact that membrane lipids 
enriched with a very low-melting fatty acid (e.g., 18:1cA9 
Or 19:0cp,cA9) plus a relatively high-melting fatty acid 
(e.g., MFPA) showed no disposition towards phase separation, 
one might be tempted to invoke fatty acyl chain immis- 
Cibility as leading to the observed phase separation in 
membrane lipids enriched with 18:1tA9 or 19:0cp,tA9 plus 
MFPA. Since this explanation is untenable, and since similar 
phase separations are observed in membrane lipids which are 
99.9% enriched with 18:1tA9, it can only be suggested that 
the lipid head group composition of A. laidlawii B alters 
under conditions of enrichment with these trans-fatty acids 
in such a fashion as to lead to the calorimetrically 
observed phase separations. More detailed investigation into 
the interactions among the glyco- and phospholipid species 
of A. Jlaidlawii B will be required before this point can be 
clarified. 

Table 10 summarizes the calorimetric data for these 
various cases of enrichment. Briefly, the midpoint of the 
gel to liquid-crystalline phase transition (T,) was always 


lowest when the structural substituent, either 
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Table 10: 


Supplement 


Calorimetrically Determined Gel to Liquid-Crystalline Phase 


Transition Parameters for Aland lawinusB Membranes Polaris Li padis 
Enriched with Various Isomeric MFPA's Plus One of Either 
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‘ T, corresponds to the maximum of the lower temperature transition. 


2 Tz corresponds to the maximum of the higher temperature transition. 


ig AT)-Tz corresponds to the temperature separation of T) and T 2. 
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? Tm Corresponds to the temperature at which the transition was 50% com- 


plete. 


i 4T1}0-99 corresponds to the temperature range over Which enemuLansheLlon 
passes from 10% to 90% of completion. 
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monounsaturated or cyclopropane ring, assumed the cis 
Soneaugurathion. “The 'P."s of the two iipidse withscis 
structural substituents (18:1cA9, 19:0cp,cA9) were very 
Similar as were the T,'S of the two lipids with trans 
eecuctural substituents (18:1tA9, 19:0cp,tA9), although ithe 
lipids containing the cyclopropane ring substituent (either 
Cis or trans) always melted several degrees higher than the 
lipids containing the monounsaturated substituents (either 
Cis or trans). Values of AT,9-9s0 were in the range 5°-10° 
Pome ce: 1cA9 cand’) 1920cp,cA9, and=6fxthe order vof—15° 420° “for 
18:1tA9 and 19:0cp,tA9, in good agreement with values of 
AT:o0-90 previously reported from this laboratory for A. 
laidlawil B membrane lipids (Silvius et a/]., 1980). 

The preceding calorimetric data were obtained with 
membrane polar lipid samples resuspended in ethylene glycol: 
water, 1:1 (v/v). While this has the advantage of . 
eliminating the excess water transition which might 
otherwise obscure the lipid phase transition endotherm, it 
is possible that the presence of ethylene glycol might alter 
the thermotropic properties of the A. Jaidlawii B membrane 
lipids. For example, it has been known for some time that 
ethylene glycol can raise the observed T, of phosphatidyl- 
cholines (PC's) containing unsaturated fatty acids but has 
little effect on the Tm of PC'S containing saturated fatty 
acids (Van Dijk et al., 1976). Figure 29 compares the DSC 
endotherms of A. Jaidlawii B membrane lipids enriched with 


either 18:1cA9, 18:1tA9 or 16:0 (grown in the absence of 


vite? Ko lsugee piialasao> 3G Ade git odd ie. so9¥3a ois 
320 add 2stngnos BS Ssopl a ree he 49 TU vid) aioe 


fiw bsd2: 3s pbtgbi soq seinem 


0 


tipin Lo gylp on sivas. 5 ta enneset2 efi sans oidiz2 & 2 : 


y * é ; | on : %, 
: ee 


’ : ; — 


ett, hemmec ori ANSROMGOS IED" 26 besuwds 

>is fittv cbias! owe eid te Gye sat Urey > 

i. a oe! eS +Or) eineuvisedus 
A 

‘i natw 2h | ows ot Toe’ a? 282 2394 Se ae 


Aaeye eee 7at) Snes: s20uR fame 


fadue cus? 4 ae 8 eh suintednoe 
r= ope Nate ag Getlem. aiawlc ‘enn 210¢ 


wepalted:>. bsitwitsbaheer ang phi aistaosy 
na at aveuw See esetev . ere 
ue gtd tobe eget! See Conte 
« f2id) Di eetpe /F50e ‘ee Bar Goose! brig 


7 


or 


~ 


woe 2} teJ2oqj0% qievolverg ee 

64¢1 .. ku 9 apis BEM, seals ainaiesm. ~ 2" Pi\ 
bat tess Srow siab- Urs séwtiolss shibeosng ate 
ured (2 SbeejeoRem Petes bigit “3ahoq 

i9 diasnovbd oft 8G. 348? wiidt .(v\vF trie 7 
ged iiss iw Te i reward pote* Beslas sas onkger if ne: , 
Ot S120 2 s.Ggtt. Sib tide sruceds eeis ‘i - 


rODs1S 


Ly 


oi Vpantnie? «& eee Se eeigssQorzq ane 
mul? Senile “eas eee nas abt ot olqasze 107%) dedk: hake 
ne a \ haly HERG o ‘ed ‘Prise ces ‘Lente ne 


~~ 


4 
= 


=i 6 DE wha Hect ecru eee geiaiez0> 4(s* 39) eer Loads: 
a 


° \ igang 


SuiSEie arnt ee bese  taaashni <ostadl ssitpts 


ce! ‘7 = 


s r a} a 


Q Leu nee 
e/ 7 eee) os — 


“ih, 


i on a ° - : Fi _ 
; ~ . 7s aie ; 


184 


ENDOTHERMIC ———> 


240 260 280 300 320 340 
TEMPERATURE, (°K) 
Figure 29: Lipid phase transition endotherms obtained by differential 
scanning calorimetry of the membrane polar lipid fraction from A. laid- 
lawivieBaenzuched with A= L8islecno; Bea ves) tno: wand: Cl— 6.0 erhe 
lower endotherms were obtained in the presence of 50% ethylene glycol. 


The scan rate was 5°/min. The dashed line corresponds to the inter- 


polated baseline. 
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avidin) and resuspended either in the presence or absence of 
ethylene glycol. Clearly, there are few differences in the 
thermotropic behaviour of these lipids attributable to 
ethylene glycol and certainly no systematic increase in T,, 
at lower phase transition temperatures in the presence of 
ethylene glycol. 

Typical experimental '*°F-NMR spectra of 6F16:0 
incorporated into the membrane lipids of A. laidlawii B in 
the presence of 19:0cp,tA9 or 19:0cp,cA9 are shown in 
Figure 30, along with the corresponding computer-generated 
Simulated spectra. The values of the input parameters 
required to simulate the spectra are shown as well. These 
'°F-NMR spectra were acquired over a range of temperatures 
which spanned the gel to liquid-crystalline phase transition 
of these membranes. The extensive broadening of the '*F-NMR 
spectrum which occurs upon decreasing the temperature 
through the gel to liquid-crystalline phase transition is 
readily apparent, as is the fact that the spectra retain 
their essentially "“superlorentzian" character even at 
temperatures well below the lipid phase transition. At all 
temperatures and in both the gel-state and the liquid- 
crystalline state, the '’F-NMR spectra were adequately 
simulated using a model which assumes axially symmetric 
motions of the lipid molecules. 

In the presence of 19:0cp,tA9, over the range of 
increased from approximately 0.19 


temperatures tested, Smo1 


at 320°K to 0.75 at 270°K. The value of Ao remained constant 
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TEMP = 270°K TEMP#240°K 
A =1000 Hz 400 Hz 
Swf 0.79 : 


280 °K 
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Figure 30: Experimental and simulated 19, _yMR spectra of membranes 


of A. laidlawii B grown in the presence of 20 mole % 6F16:0 plus 
80 mole % of A —- 19:0cp,tA9; and B - 19:0cp,cA9. The simulated spectra 
are indicated in dashed lines superimposed upon the experimental 
spectra. The values of the computer input parameter A, (interchain 
dipolar broadening) and Smo] (molecular order parameter) are indicated 


for the simulated spectra. 


ons 


“ re 
"a 


seca pCaneaioe APIS Se, 
suite: Oak 4 alent ie i’ 

Wk fie a 

ex aege 6 Rabtafesh e ont C2kiy” oes - 

te inser s xt Sh raph ta 9 wt) 
ANCA ra) Bt ted yine ee ae 
batenttal »:« Moseningmy te Boe Ths E 


18 7 


at 100 Hz until the lipid phase transition was encountered 
and thereafter rapidly increased, reaching a value of 

1000 Hz at-27/0°K. This is the same dependence of S,,, and Ac 
upon temperature and membrane lipid phase state which is 
observed with most fatty acid-enriched A. laidlawii B 
membranes. In marked contrast to this situation was the 
dependence of S,o1 On temperature and membrane lipid phase 
state in membranes of A. lJaidlawii B enriched with 
19:0cp,cQ9. Here, Smo: increased from approximately 0.16 at 
210° Keto onlyp0s36, at 240% kh, a.temperature almost) 20°C 
below the corresponding membrane lipid phase transition. 
Over the same temperature range, Ao, the intermolecular 
interaction indicator, increased from 100 Hz to only 400 Hz. 
It does not in fact require a quantitative analysis of the 
'°F-NMR spectra to discern that the spectra obtained in the 
gel-state in the presence of 19:0cp,cA9 reflect considerably 
greater motional averaging than the corresponding gel-state 
spectra obtained in the presence of 19:0cp,t49. This point 
may be ascertained qualitatively by a visual comparison of 
the spectra. 

Figure 31 depicts the '’F-NMR order profiles of A. 
laidlawii B membranes enriched with either 18:1cA9, 
18:1tA9, 19:0cp,cA9 or 19:0cp,tA9 obtained over a range of 
temperatures spanning the gel to liquid-crystalline phase 
transitions. In the liquid-crystalline state, in all cases 
of enrichment, the order profiles were very Similar, showing 


a region of approximately constant orientational order 
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ORDER PARAMETER, Swot 


@) 4 8 2 O 4 8 2 IS 
'9F-| ABELLED CARBON ATOM 

Figure 31: 195_NMR orientational order profiles of membranes of 
A. laidlawii B grown in the presence of 20 mole % various monofluoro- 
palmitic acids plus 80 mole % of A -— 18:1tA9 (279, 284, 289, 294, 299, 
304 and 309°K); B - 18:1cA9 (240*, 250%, 266%, 279", 279, 289 and 
BLOCK) 5 C =) 19:0cp, £49; (270, 280, 290, -300,. 310 ands s20 °K} 7) or <> = 
19:0cp,ch9 (240%, 250%, 260%, 270%, 280°, 280, 290, 300 and 310°K). 
The numbers in brackets represent the temperatures at which the order 
The asterisk represents 


profiles, from top to bottom, were acquired. 


the presence of 50% ethylene glycol. 
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preceding a decline in orientational order towards the 
methyl terminus of the acyl chain. Since the presence of a 
cyclopropane ring or a double bond on an acyl chain adjacent 
to the MPFA had little if any effect on the orientational 
ordering of the MFPA, it must be concluded that in the 
liquid-crystalline state the two fatty acyl chains 
experience a degree of independence sufficient to negate any 
influence of structural substituents in one acyl chain upon 
the orientational order of the other. Previous '°F-NMR 
results have demonstrated that the orientational order 
profiles of the MFPA chains in membranes of 4A. lJaidlawii B 
are highly similar in the liquid-crystalline state whether 
those membranes were enriched with straight-chain saturated 
fatty acids such as 15:0 or 16:0 or any of an isomeric 
series of CiS-octadecenoic acids or trans-octadecenoic acids 
or with methyl-branched fatty acids such as 16:01 and 16:0ai 
7H-NMR results also generally indicate that the order 
profile is relatively invariant to alterations in fatty acyl 
structure in the liquid-crystalline state as discussed 
previously. The one exception to this generalization appears 
to be the cyclopropane ring where, even after correction for 
geometric considerations, the *H-NMR order profiles in both 
model (Dufourc et al]., 1983) and biological membranes 
(Jarrell et al]., 1983) indicate that the cyclopropyl substi- 
tuent experiences a far greater degree of orientational 
ordering than any other portion of the fatty acyl chain. 


Nevertheless, when a deuterated palmitic acyl chain adjacent 
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to a cyclopropane ring containing acyl chain was monitored 
by *H-NMR, the observed order profile gave little if any 
indication that the neighbouring cyclopropyl substituent had 
influenced the ordering of the palmitate chain (Dufourc 
et al., 1984). It would appear then, from both '°F- and 
“H-NMR results, that the elasticity of the fatty acyl chains 
in the liquid-crystalline state permits them to accommodate 
the presence of structural substituents without unduly 
altering the character of the orientational order profile. 
With decreasing temperature, orientational order 
increased slowly and the character of the order profiles 
remained relatively constant until the lipid phase 
transition was encountered. As the proportion of gel-state 
lipid increased, overall orientational order increased 
markedly and the order profiles in the presence of different 
fatty acyl chain structures became increasingly dissimilar. 
Consider first the cases of 18:1tA9 and 19:0cp,tA9. At 
a temperature of approximately 290°K, in both these 
enrichment situations, the membrane lipids have all but 
completely assumed the gel-state. Reflecting this condition, 
pheavaluesrofes,s, fat (fluor inespositionsvetoser.totthe ibatty 
acyl chain carbonyl head group indicated a pronounced 
increase in orientational ordering. Nevertheless, at 
fluorine positions near the fatty acyl methyl terminus, the 
increase in the value of Smo: was only relatively marginal. 
This disparity between the manner in which orientational 


order near the carbonyl head group and near the methyl 
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terminus altered with the increased proportion of gel-state 
lipid was then manifested as a pronounced head-to-tail 
Gradient of orientational order in the presence of 18:1tA9 
or 19:0cp,tA9. At temperatures sufficiently below the baipid 
gel to liquid-crystalline phase transition, the degree of 
Orientational ordering was at all positions uniformly high, 
although a residual ordering gradient could still be 
discerned. Consequently the configuration of the MFPA chain 
in the gel-state in the presence of either 18:1tA9 or 
19:0cp,tA9 may be described as overall highly ordered, 
approaching but not achieving an all-trans configuration 
with a residual head-to-tail gradient of orientational 
ordering. To put these observations in perspective, it 
should be noted that in the presence of straight-chain 
Saturated fatty acids isuchsas715:0%0r \t620athe 
orientational order of the MFPA's increaSe approximately 
uniformly at all fluorine positions with increasing 
proportions of gel-state lipid and there remains little, if 
any, head-to-tail gradient of order in the gel-state. It 
would appear that the trans-cyclopropane ring or the trans- 
monounsaturated structural substituents were able to disrupt 
the gel-state packing of the fatty acyl chains, constituting 
a barrier to the assumption of a more highly ordered acyl 
chain configuration, which in turn is reflected in an order 
gradient in the gel-state. 

Turning next to the cases of 18:1cA9 and 19:0cp,cA9, it 


can be seen that these structural substituents lead to 
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highly unusual gel-state orientational order profiles of the 
MFPA'S. The orientational order at the six position in the 
presence of these substituents in the gel-state was always 
Jess than that observed at the eight position, suggesting 
that the MFPA chain is forced to bend around the bulky cis- 
cyclopropane ring or CiS-double bond in the closely packed 
gel-state, or that these substituents are unable to pack 
closely in the gel-state, thus permitting the MFPA chain a 
greater degree of motional freedom in their immediate 
locale. Since the MFPA chain should preferentially distri- 
bute to the sn-1 position of the glycerolipid backbone in 
the presence of 18:1cA9 or 19:0cp,cA9 (by analogy with 16:0, 
Saito et a]., 1977), and given the physical inequivalence of 
the fatty acyl chains esterified to the sn-1 and the sn-2 
position, it is not surprising that the greatest effect of a 
structural substituent located at the AQ position on the 
sn-2 chain should be manifest at the C-6 position on the 
sn-1 chain. Previous '°F-NMR results have indicated that a 
Cis-double bond located near the methyl terminus of the 
fatty acyl chain can locally disrupt gel-state chain packing 
(as do methyl jso- and anteiso-branch structures), but that 
gel-state chain packing densities were sufficient to 
overcome any local disruptive effect of a cis-double bond 
located near the carbonyl head group of the fatty acyl 
chain. The present results indicate that structural substi- 
tuents located near the center of the acyl chain are also 


capable of disrupting gel-state chain packing and indeed, 
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when the overall ordering achieved in the presence of such 
Structures 1S considered, this would appear to be the most 
efficient position from which to influence gel-state 
ordering. Overall, the degree of ordering achieved in the 
presence of 18:1c49 or 19:0cp,cA9 was much lower than that 
obtained in the presence of 18:1tA9 or 19:0cp,tA9. Thus the 
configuration of the MFPA chain in the gel-state in the 
peecenee of 18:1c49 or 19:0cp,cA9 may be described as highly 
disordered, apparently reflecting both local and overall 
disruption of the density of gel-state fatty acyl chain 
packing. 

The '°F-NMR spectra of A. lJaidlawii B membranes 
enriched with either 18:1cA9 or 19:0cp,cA9 were acquired in 
the presence of 50% ethylene glycol at temperatures of 270°K 
or lower in order to prevent sample freezing. It has already 
been noted that the presence of 50% ethylene glycol had 
little if any effect on the thermotropic properties of A. 
laidlawii B membrane lipids, whether those lipids were 
enriched with 18:1cA9, 18:1tA9 or 16:0. It seems unlikely 
then that the presence of ethylene glycol unduly influenced 
the position of the membrane lipid phase transition during 
acquisition of the '*’F-NMR spectra at temperatures below 
270°K. The '°F-NMR spectra of A. Jaidlawii B membranes 
enriched with 20% 6F16:0 plus 80% 18:1tA9 at 279°K were 
identical whether acquired in the presence or absence of 50% 
ethylene glycol, so that ethylene glycol itself did not 


prevent the membrane lipid fatty acyl chains from assuming a 
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highly ordered, nearly all trans-configuration (data not 
Shown). The '°F-NMR order profiles of 4. laidlawii B 
membranes enriched with either 18:1cA9 (or 19:0cp,cA9) were 
obtained at 279°K (or 280°K) in the presence or absence of 
90% ethylene glycol. As shown in Figure 31, the order 
profiles at this temperature were essentially identical 
whether obtained with or without ethylene glycol. These 
various observations strongly suggest that the highly 
disordered gel-state assumed in the presence of 18:1cA9 or 
19:0cp,cA9 is unrelated to any effect of ethylene glycol, 
but rather is characteristic of the influence of the cis- 
cyclopropane ring and the cis-double bond upon the motional 
freedom of the MFPA probe in the gel-state. 

Further insights into the consequences of the inclusion 
of cis- or trans-cyclopropyl ring or monounsaturated substi- 
tuents can be gained by a direct comparison of the overall 
Orientational order of the MFPA probes at a particular 
temperature in the presence of a particular structural 
Substituent. The chain-average order parameters are plotted 
versus ‘the “acquisition temperature* in’ Frgure 32*for* the’ four 
cases of enrichment with either 18:1cA9, 19:0cp,cA9, 18:1tA9 
or 19:0cp,tA9. Several significant features become evident 
from Figure 32. At 310°K, a temperature above the lipid 
phase transition of all four types of enriched membranes, 
overall orientational order was generally very similar 
regardless of the particular fatty acyl chain structure 


examined. For any one acquisition temperature at which all 
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Figure 32: Chain average orientational order versus acquisition 


temperature for enrichment with cis and trans-cyclopropane ring and 
unsaturated fatty acids. The chain average order was calculated as 
described in the text. Open.circles, 18:1tA9; open s@uares, 19:0cp,tA9; 
closed circles, 18:1c49; closed squares, 19:0cp,cd9. 
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fatty acyl chain structures are in the la quid-erystadtline 
State, overall order is relatively independent of specific 
acyl chain structure and is an approximately inverse linear 
renctronilofinTs-»T,) (i.e; orderedecreaseseas proximity) to 
the lipid phase transition decreases, or as T - Tp 
increases). In keeping with this observation, it can be 
discerned that at 310°K the overall order in the presence of 
HOzecA9} or 1930cp;,cA9' waSl approximately 0.14 ( [Toss Tajp= 
50°C), while in the presence of 18:1tA9 or 19:0cp,tA9 
overall order was approximately 0.17 ({T - T,] = 10°C). This 
effect is of course quite small and at sufficiently high 
temperatures overall order should become independent of 
MRetiEr va 

As the acquisition temperature was lowered, overall 
orientational order increased in a linear fashion until the 
membrane lipid gel to liquid-crystalline phase transition 
waS encountered. In the case of membranes enriched with 
18:1tA9 or 19:0cp,td9, between 300°K and 290°K the overall 
order began to increase markedly, accurately reflecting the 
position of the calorimetrically determined lipid phase 
transition. Nevertheless, even at temperatures below the 
lipid phase transition, the fatty acyl chains evinced 
substantial disordering and only at temperatures well below 
the phase transition was the highly ordered, nearly 
all-trans conformation approached. In addition, it is 
evident that the cyclopropane ring and the double bond, when 


in the trans configuration, behaved more or less similarly 
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with respect to the lipid phase transition in terms of their 
effect on the overall ordering of the MFPA probes. These 
Same points can be made concerning the cyclopropane ring and 
the double bond when in the cis configuration. The overall 
order of the MFPA probes increased in an approximately 
linear fashion with decreasing temperature in the liquid- 
Crystalline state and the two structural substituents 
affected the orientational order of the MFPA probes approxi- 
mately equally. Nevertheless, it can be discerned that the 
MFPA'S in the gel-state in the presence of these structural 
substituents when in the CiS configuration did not achieve 
the same degree of overall ordering as when in the trans 
configuration. 

Figure 33 depicts the chain-average order parameter as 
a function of the reduced temperature, Ty for each case of 
enwiciment Wien 167 1cA9, 1930cp7cA9 816.2 16097 0n 819: 0cp, tho. 
In the presence of the two fatty acids 18:1tA9 and 
19:0cp,td9, the overall order of the MFPA's showed a 
profound increase at the temperature of the lipid phase 
transition. (tT, =,.0), indicating again that the lipid phase 
transition was the preeminent affector of overall orienta- 
tional order. Both fatty acids again behaved more or less 
Similarly with respect to T, although significant 
differences in the overall order between 18:1tA9 and 
19:0cp,tA9 were evident at values of Tea =0.05.eWhetner, 
these disparities reflect real differences in the response 


of the trans-cyclopropane ring and the trans-double bond to 
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Figure 33: Chain average orientational order versus reduced tempera- 


ture for enrichment with cis and trans-cyclopropane ring and unsatu- 
The chain average order and T;r were calculated as 


rated fatty acids. 
Open circles, 18:1tA9; open squares, 19:0cp,tA9; 


described in the text. 
closed circles, 18:1cA9; closed squares, 19:0cp,ci9. 
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the gel-state or whether they result from differences in the 
distribution of the MFPA's between the two calorimetrically 
observed phase transitions in the presence of these trans 
Structures cannot be unequivocally stated. However, ina 
previous ‘’F-NMR study of an isomeric series of trans-octa- 
decenoic acids, values of the chain-average order in the 
Presence Off dS: AtAGkornd82ktAl1,approachedmOs75nat alvalue 
of te. = -0.10, indicating that the differences between 
19:0cp,tA9 and 18:1tA9 in the gel-state may be more apparent 
than real. 

It 1S clear from Figure 33 that in the presence of the 
fatty acids 18:1cA9 and 19:0cp,cA9, the MFPA's did not show 
the sharp increase in overall order upon encountering the 
lipid phase transition that was evident in the presence of 
18:1tA9 and 19:0cp,tA9, and that the overall order achieved 
in the gel-state, at values of T, where the frans acids were 
approaching an all-trans configuration, indicates that the 
cis acids remained highly disordered. Evidently these 
Structures when in the cis-configuration are capable of 
disrupting gel-state acyl chain packing in both a local and 
overall sense, effectively preventing or acting as a barrier 
to the ready assumption of an all-trans configuration of the 
acyl chains in the gel-state. If the temperature of the 
membrane lipid gel to liquid-crystalline phase transition is 
viewed as a measure of the stability of the gel-state, then 
gel-state disordering or instability leads to a lower phase 


transition temperature. The implication is then that 
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Specific fatty acyl structural substituents alter the 
Stability of the gel-state through disruption of gel-state 
acyl chain packing and hence lower the lipid phase 
transition temperature. The same interpretation has been 
used to rationalize the relative overall gel-state ordering 
of straight-chain saturated versus methyl jiso- and anteiso- 
branched fatty acids and their respective membrane lipid 
phase transition temperatures. 

It is further evident from Figure 33 that in the 
Biquidscrystalline state (i.é.,0T,@> 10), at- comparable 
values of Tey;ethoséwmembranes enriched twrethethetlower- 
melting fatty acids 18:1cA9 or 19:0cp,cA9 were more highly 
ordered than those enriched with the higher-melting fatty 
acids 18:1tA9 or 19:0cp,tA9. This same relationship, that 
is, the lower the lipid phase transition the higher the 
overall order at equal values of Tan 0, has been observed 
using '°F-NMR in A. laidlawil B membranes enriched with a 
multitude of various fatty acyl structures. Liquid- 
crystalline state packing considerations seem insufficient 
to explain this relationship, since monolayer studies 
indicate that most fatty acyl structural types occupy 
approximately equal cross-sectional areas in the liquid- 
expanded state (see, for example, Kannenburg et al., 1983). 
In the absence of a phase change, order increases in a more 
or less linear fashion with decreasing temperature, as can 
be ascertained from Figure 32. When it is noted that at a 


value .of (Tpa= #0. 05s0ne%1s comparing the order of 18:1tA9 
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(or 19:0cp,tA6é) at approximately 310°K with the order of 
18:1cA9 (or 19:0cp,tA9) at approximately 270°K, it can be 
taken that the dependence of order on absolute temperature 
in the liquid-crystalline state is sufficient to account for 


the observed differences. 


An Overview of the Relationship Between Fatty Acid 
Structure, Orientational Order, and the Lipid Phase 
Transition 

ins this fanal’ section, I ‘would like to*extract from the 
order parameter data whatever generalities exist concerning 
the relationship between fatty acid structure, orientational 
Order and the temperature of the gel to liquid-crystalline 
phase transition. 

The immediate consequence of altering fatty acyl chain 
structure is that the temperature of the gel to liquid- 
crystalline phase transition is altered. Are the alterations 
in T, which occur in model systems, such as PC multilayers, 
Upon Substituting particular fatty acid structures, slaiths 
fully reflected in the more complex biological system of A. 
laidlawii B membranes? Figure 34 compares directly the Ty, 
reported herein for membrane lipids of A. laidlawii B made 
homogeneous with respect to particular fatty acids and the 
Tm ceported by various laboratories for PC model membranes 
containing the same particular fatty acids. While the 
correlation between the two sets of data is good, it is not 


exact. Linear regression analysis indicates that the 
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250 270 290 310 O10) 
TmMePCACK) 


laiclawii B) with Tm (PC). The Tp 


Picgure 34, Correlation of T, (A. 
(1982). The correlation function 


(PC) data were taken from Silvius 
fits a line with slope of 0.875 with a linear correlation coefficient 
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correlated data fit a line with a slope equalling 0.875. 
Thus the A. Jaidlawii B membrane lipids generally 
experience an order-disorder transition at a higher 
temperature than the corresponding PC, and the differential 
becomes more pronounced at lower values of TATeShis 
differential cannot be entirely attributed to the presence 
in the A. Jaidlawii B membrane lipids of 10 to 20 mole % 
of the generally higher melting MFPA. A similar correlation 
analysis performed by Silvius (1979) indicated that the 
correlated data fit a line with slope equalling 0.91. There- 
fore the same characteristics are displayed by A. laidlawii 
B "homogeneous" membranes containing no MFPA. It may well 
be that A. laidlawii B membrane lipids are intrinsically 
higher melting than PC. A study by Silvius et a]. (1980), in 
which the A. laidlawii B membrane lipid headgroup species 
were isolated and their individual thermotropic properties 
characterized, demonstrated that the two neutral glycolipids 
MGDG and DGDG displayed phase transition endotherms 10-15°C 
higher than the major phospholipid species of A. laidlawii 
B, PG, which behaved similarly to PC's. The important 
conclusion is, nevertheless, that the effects of particular 
fatty acyl structures upon the thermotropic properties of 
Synthetic systems are reflected in A. Jaidlawii B membrane 
lipids? 

It has been demonstrated in the present studies that in 
the liquid-crystalline state the shape of the fatty acyl 


chain order profile of the MFPA's is relatively invariant to 
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changes in the particular fatty acyl structure with which 
the A. laidlawii B » membrane lipids are coenriched. The 
hydrocarbon chains of the lipid bilayer in its fluid State. 
are permitted a wider range of motional freedom and, on the 
average, occupy far greater cross-sectional areas than 
characteristic of their condition in the gel-state. It 
follows that individual hydrocarbon chains experience weaker 
interactions with their neighbours, that they become to a 
degree more independent of any influence of one chain upon 
enotner and’ that the introduction’ ofstructural 
substituents should little affect the condition of an 
adjacent hydrocarbon chain. Statistical-mechanical models of 
hydrocarbon chain motions and conformations ina lipid 
bilayer successfully exploit this situation and treat inter- 
actions between chains, including chains esterified to the 
Same glycerol backbone, aS a "mean field" interaction 
composed of average repulsive (steric) and attractive (van 
der Waals) forces (Marcelja, 1974; Meraldi and Schlitter, 
198 1a sebs"Didleand Flory,'°1980) "Does it therefore follow 
that the '°F orientational order parameters can be 
characterized in terms of "average" forces in the liquid- 
crystalline state, independent of the details of particular 
Structural substituents and, what are those forces? 


For each of the 21 different fatty acyl chain 


Structures studied, the value of Smo: was determined at both 


279°K and 310°K. In Figure 35 the value of the chain-average 


Smo1 obtained at either 279° or S10"Ke foray particular -case 
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Figure 35: Chain average orientational order at a constant temperature 


versus: T,, forseach fatty~acylestructure.,..The data.at 310°K) (circles) 
fit a line with slope=7 x Moe Gs y intercept=-0.03 with a linear corre- 
lation coefficient of r=0.77. The data at 279°K (triangles) fit a 

line with slope 32 x Ors y intercept -0.63 with a linear correlation 


coefficient of r=0.60. 
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of enrichment is plotted versus the e0rresponding T,,*of (the 
Particular A. laidilawii B membrane lipids. At 310°K all 
data points fall more or less ona Straight line with a 
Slope near zero. At this temperature, in all but one of the 
cases of enrichment, the membrane lipids have assumed the 
liquid-crystalline state. Therefore at 310°K overall order 
1S practically independent of the particular fatty lacy! 
structure, and proximity to the phase transition has only a 
minimal influence on relative order. At 279°K about half of 
the 21 different fatty acyl chain structures studied were in 
the liquid-crystalline state and the remainder had assumed 
the gel-state. Those structures which retained the liquid- 
crystalline state at 279°K displayed the same linear 
relationship between overall order and Tm, again apparently 
independent of the particular fatty acyl structure, as was 
observed at 310°K, although the slope of the line was more 
positive. This observation suggests that proximity to the T, 
has a greater influence upon relative overall order at lower 
temperatures. When the acquisition temperature was below the 
Tn of the membrane lipids, overall increased rapidly and 
relative order became increasingly dependent upon the 
particular fatty acyl structure. 

The effect of proximity to the T, upon overall 
orientational order is more directly obtained when the 
chain-average Smo:1 for a particular case of enrichment is 
plettedvassa.function of (T-T,,) aS in Figure 36, where T is 


the acquisition temperature. Again, ati 3l0°K,. overait order 
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Figure 36: Chain average orientational order at’a constant temperature 


versus (T-Tm) for each fatty acyl structure. The data at 310°K (circles) 
fit a line with slope=-9 x 10-4; y intercept=0.19 with a linear corre- 

lation coefficient of r=0.82. The data at 279°K (triangles) fit a line 
with slope=-44x1074, y intercept=0.30 with a linear correlation coeffi- 


cient of r=0.81. 
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waS an approximately linear function of (T-T,), apparently 
independent of the particular fattygacy lastructuresans 
279°K, provided (T-T,,) = 0, overall order was linearly 
related to the proximity to T,, and the dependence was again 
more pronounced than at 310°K. Below (T-T,,) = 0, order 
increased rapidly as the proportion of gel-state lipid 
increased. 

The presentations of the data in Figures 35 and 36 
Suggest that, in the liquid-crystalline state, orientational 
order at any one temperature is relatively independent of 
fatty acyl structural substituents and depends more on 
"average" forces such as proximity to the lipid phase 
transition. Furthermore, the strength of this dependence is 
a function of temperature. Therefore, the following 


equations describe the relationship between ordering, S, and 


Pom ananutT—T.,).t 


S = mPeetib [1] 


NLTSET AI? Fc [2] 


Nn 
iH] 


provided T = T,. The slopes m and n, and the intercepts b 
and c, are functions of the acquisition temperature T, and 
can be estimated by linear regression analysis of the data 
at 279°K and 310°K. Further values of the slope and 


intercepts were obtained for intermediate temperatures by 


analysis of the order data for various fatty acyl structures 
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obtained at 290, 300 and 320°K. The dependence of the slopes 
mand n, and of the intercepts b and c, upon the acquisition 
temperature T are illustrated in Figure 37 for the Situation 
T 2 Tm. TO a good approximation all four quantities are 
Pirvear functions of ‘temperature. At sufficiently high 
Temperatures) the overall order is no longer a function of T, 
or T-T, Since the slopes tend toward zero. In the case of J. 
laidlawii B membrane lipids, this occurs at about 320°K. 
Above this temperature overall order should be simply a 
direct function of temperature, independent of T, or T-Tm. 
Thus the merger of the values of the intercepts b and c at 
320°K reflect this independence. The temperature dependence 
of the four quantities in the temperature range 280°K to 
320°K may be expressed approximately as linear functions and 


these are: 


Mae =6 Sour TO te lest Ure (33] 
Pe re a a Oe ee a wn 6 [4] 
Dies O20 fot! = (On Io0 : [5] 
ch= 30500357>Teae hazgs [6] 


where m and b, and n and c, are the slope and y intercept of 
the dependence of Smo1 ON Tm and (T-Tm), respectively, while 
T is the acquisition temperature in °K. Provided that 

T > T,,, the order parameter data of Figures 35 and 36 may be 
predicted approximately for any fatty acid structure using 


the above equations and knowledge of T, and T. 
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Figure 37: The temperature dependence of the slopes and y intercepts 


of the lines describing the relationship between order and Tp oF (T-T,,) 
at a constant temperature. Slope and y intercept (open circles, open 
squares) for order versus Tp. Slope and y intercept (closed circles, 


closed squares) for order versus (T-Tm). 
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The success of the preceding treatment of the 
Orientational order in the liquid-crystalline state as 
Simple functions of temperature and proximity to the phase 
transition, essentially independent of the structure of the 
Pent ictilar “tatty “acid; cannot’ be translated to the 
gel-state. Both the shapes of the order profiles and the 
relative overall ordering in the gel-state vary widely in 
the presence of different fatty acyl structural 
substituents. This point is most effectively portrayed in 
Figure 38, where the chain average Smo; iS plotted as a 
function of the reduced temperature, T, for different fatty 
acid structures. Included are representatives of the linear 
Saturated fatty acids, cis- and trans-monounsaturated and 
methyl jiso- and anteiso-branched fatty acids. The cis- and 
trans-cyclopropane ring-containing fatty acids are not shown 
for reasons of clarity, since their behaviour with respect 
to T, has already been shown to be nearly identical with 
their monounsaturated homologues. Thus Figure 38 contains 
representations of the effect of the lipid phase transition 
on the orientational order of the MFPA's in the presence of 
fatty acyl species from each of the naturally occurring 
classes of fatty acid. It is evident that at an equivalent 
value of the reduced temperature below the normalized phase 
transition (e.g.;. T- -0.10), different fatty acid 
structures assume markedly different degrees of overall 
orientational ordering. Figure 39 illustrates the dependence 


of overall ordering at a constant value of T, < 0 upon the 
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respect to the “lipid phase” transition tor each class of fatty) acid 
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structure studied 15:0 {(—-=), 
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Tm Of the corresponding fatty acid-enriched A. Jaidlawii B 
membrane lipids. As the T, decreased, overall orientational 
order decreased. This observation suggests that different 
fatty acyl structures exert their influence upon the 
temperatures of the phase transition by affecting the 
Stability of gel-state chain packing. Of course, this is not 
a new concept. Monolayer studies have long indicated that, 
at equivalent surface pressures, lipids containing such 
fatty acyl structural substituents as cis-and trans-double 
bonds or cyclopropane rings or methyl branches occupy larger 
cross-sectional areas in the liquid-condensed state (Chapman 
etiral 7, 19665 Kannenburgvets aiagentS639n Keray ca hiractiion 
Studies have demonstrated that specific structural 
substituents such as the methyl anteiso-branch can affect 
gel-state packing (Bouvier et a]., 1981). In fact, simply 
examining molecular models of various fatty acyl structures 
demonstrates the difficulty of closely packing such 
structures as cyclopropane ring-containing fatty acids. 

In Figure 39 the overall orientational order as a 
funetronsof, T. isalso plotted at) a: constant value Of Tt, 7es0 
(i.e., in the liquid-crystalline state). In contrast to the 
Situation at Ty < 0, it is observed that overall order 
decreases as a function of increasing Tm. Since fatty acyl 
chain structure and hence chain-packing considerations seem 
to have little bearing on overall order in the liquid- 
crystalline state, the origin of this effect is not 


immediately obvious. Three simple equations are pertinent: 
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By straight-forward algebraic manipulation, the following 
equation is found to relate the order, S, and the reduced 
temperature), Ty: 


fD=c) 
[8] 


9) 
Il 
oO 
SIBISI5 


eye 


Since m, n, b and c can be expressed in terms of temperature 
alone, this equation describes the temperature dependence of 
She crgentationalwordertatmany oneMvaluesof* T1260" 
Substituting for the appropriate values of m, n, b andc, 
Cha senelationipredictsothatlatyTyt=*+02057; ii thet ration oEt the 


values of S at 310°K and 280°K should equal: 


e310) hao vss 
580 


The actual value of S31:0/S2s0 obtained from Figure 39 is 
0775s Thistimpliestthat ttheeslopesof othevSeversus*T, data at 
a constant T, of +0.05 can be attributed entirely to the 
effect of temperature on order in the liquid-crystalline 
State and that it is unnecessary to invoke any peculiar 
property ofatherfattysacid insthe liquid-crystalline state. 


The reason that a more ordered state is observed for those 
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membrane lipids undergoing a phase transition at lower 
temperatures is that they are then in a liquid-crystalline 
State at a lower temperature. 

The data in Figure 39 suggest a further consequence of 
destabilizing the gel-state. If the disruptive influence of 
a particular structural substituent is great enough there 
will be no observable phase transition in the lipid bilayer. 
At some temperatures the differences in the S versus T, 
deépendenciesnat Te = -0.10 and Ty = +0205 will vanish iand 
there would then be no difference in ordering between the 
two states and by definition no phase transition. 

Consider an isolated acyl chain in an all-trans 
configuration. As the temperature begins to increase, first 
one and then another methylene segment iS excited to undergo 
trans/gauche isomerization. There is nothing abrupt about 
the increase in the probability of rotational iSomerization. 
It increases more or less progressively with increasing 
temperature. Now consider the same acyl chain packed amongst 
its neighbours in the gel phase of a lipid bilayer. Were a 
particular methylene segment to rotate into a gauche + 
conformation, it would "bump" into a neighbouring chain. In 
order for the rotational isomerization to occur, the 
methylene segment on the neighbouring chain must undergo a 
simultaneous rotational isomerization. It is this necessity 
for cooperative or concerted conformational change that 
leads to the abruptness of observed lipid phase transitions. 


When these essentially steric restrictions are relieved, 
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when the fatty acyl chains do not interact so closely in the 
gel-state, rotational isomerizations occur more readily and 
therefore at a lower temperature. In extreme cases there is 
no calorimetrically observable phase transition. 

In attempting to model the relationship between chain 
interactions and the temperature of the lipid phase 
transition, it might first be assumed that the thermal 
energy required to destabilize gel-state chain packing will 
be proportional to the minimum interaction energy (E),) of 
the chains, as defined by Shapiro and Ohki (1974). These 
workers calculated theoretical values of E, for hydrocarbon 
chains of various lengths from 2 to 18 carbons in an 
all-trans configuration with a constant interchain distance, 
dad. Secondly, it will be assumed that, to a reasonable 
approximation, the total interaction energy for a chain 
containing some structural substituent such as a double- 
bond, a methyl branch or a cyclopropane ring, can be 
estimated as the sum of the interaction energies of the two 
constituent all-trans segments. For example, E>, for 18:1cA7 
chains would be equal to the sum of E, for a heptane segment 
plus Eo for an undecane segment. Implicit within this second 
assumption isa third; that the presence “ofa structural 
Substituent will not alter the interchain spacing, d. The 
model described above is essentially that proposed by Barton 
and Gunstone (1975). 

In order to test this model, the minimum interaction 


energies were calculated for various types of fatty acyl 
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chains using the data of Shapiro and Ohki (1974) and plotted 
versus the corresponding PC phase transition temperature, 
using the data compiled by Silvius (1982) as shown in Figure 
Bue Forvthe’ straight-chain saturated family of fatty acyl 
chains, the relationship between increasing values of Eo 
with increasing chain length and progressively increasing 
values of T, iS quite pronounced. This relationship 
establishes ithe validity’ of the first assumption, that E, 
and T,, are directly related. Within any one family of fatty 
acid structures such as the fiso-branched, anteiso-branched 
or C/iS-monounsaturated, the same relationship Aebeeed 
increasing values of Eo with increasing chain length and 
increasing T, holds. However, it is abundantly clear that 
when comparing across families of fatty acyl structures the 
Same relationship between Eo and T,, does not pertain. For 
example, altering a straight-chain to an /so- and then an 
anteiso-methyl branched and then to a cisA9-monounsaturated 
Structure drastically reduces the T, without any comparable 
decrease in Eo. Similarly, altering the position of a 
Cis-double bond along the length of an 18 carbon chain has a 
profound effect upon Tm but is of only marginal consequence 
to the value of E,. This failure of the model to account for 
the relationship between specific structural substituents 
and T,, must lie within the second or third assumption. 
Assuming for the moment that the interchain spacing, d, 
remains unaffected by the presence of fatty acyl structural 


substituents, it can then be inferred that Eo tota bere 110 
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MINIMUM INTERACTION POTENTIAL (kcal/mole) 


230 250 270 290 310 330 
Tm lei) OR SDIACYIE RC 


Figure 40: Minimum interaction energy for various families of 
fatty acid structures versus the temperature of the lipid phase 
transition of the corresponding PC. Values of Eo were calculated 
using the data of Shapiro and Ohki (1974). Tm (PC) data were 
compiled by Silvius (1982). Straight-chain saturates-closed circles, 
methyl iso-branched-open squares, anteiso-branched-closed squares, 


cis-A9-monounsaturates-closed triangles, isomeric cis-octadecenoates-— 


open triangles. 
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equal to but is less than the sum of the interaction 
energies of the two constituent all-trans segments. That is 
to say that, the structural substituent perturbs the local 
chain packing in such a fashion as to reduce the interaction 
energy of methylene segments above and below its position 
along the chain.* In order to correct: the E> values, it would 
be necessary that a methyl fso-branch perturb up to 2 
methylene segments, a methyl anteiso-branch perturb up to 4 
methylene segments and a ciSA9-double bond perturb up to 9 
methylene segments in total. 

If instead it 1S assumed that the presence of 
structural substituents in an acyl chain alters only the 
interchain distance, d, then it must be inferred that the 
quantity d varies in the order straight-chain < iso- 
branched < anteiso-branched < CiS-monounsaturated, since Eo 
decreases with increasing interchain distance. Moreover, the 
position of the structural substituent must also influence 
the value vofi d’tintorder (to ‘accountforathe tSiatcAxtdata; 
having its greatest effect when located near the center of 
the acyl chain. 

The '°F-NMR orientational order studies described 
herein support the contention that specific structural 
substituents have both local and overall effects on fatty 
acyl chain-packing, particularly in the gel-state. The local 
perturbing effect of structural substituents can be observed 
in the gel-state '°’F-NMR order profiles of A. laidlawii B 


membranes containing a variety of fatty acid structures. 
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Similarly, the relative overall ordering in the gel-state 
observed via '’F-NMR (CiS-monounsaturated < anteiso- 
branched < iso-branched < straight-chain) is exactly that 
expected if the relative interchain distances inferred from 
the above model are correct. It seems most reasonable that 
the shortcomings in this simple model of the relationship 
between chain interactions and T, reside in the failure to 
account for both local and general overall effects of 
specific structural substituents upon chain-chain inter- 
actions. When these considerations are taken into account, 
the relationship between chain interaction energies and T, 
is most satisfactory. 

When examined from the perspective of biological 
relevance, the generalized picture of the relationship 
between fatty acid structure, orientational order and lipid 
phase state which has been presented in this last section 
feusecdseveralle points of further significance. At: 310° K, a 
plot OfeSs.arversusrTaeore( Testo sandicatespthatathose-fatty 
acids which most decrease the temperature of the phase 
transition display the lowest overall orientational order. 
Although in absolute terms the differences in orientational 
order are small, in percentage terms there exists an 
approximately 25% difference in ordering between the most 
and the least ordered situation. Thus a consequence of 
lowering the lipid phase transition temperature is to 
disorder the liquid-crystalline state at physiological 


temperatures. It has been estimated that, at some point, an 
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excessively disordered membrane will begin to display 
negative physiological effects. 

It does not appear to be a Straightforward proposition 
to define a unique degree of ordering below which the 
membrane lipids may be said to be "hyperfluid". With 
increasing temperature, in any one case of enrichment with a 
particular fatty acid, orientational order decreases ina 
more or less linear fashion. There is then no temperature 
above which order abruptly decreases. Defining a 
"hyperfluid" point will therefore require coordinated 
physiological and physical experiments. One such experiment 
might entail measurements of growth rates and yields at 
different temperatures combined with an evaluation of 
membrane lipid ordering under conditions of enrichment with 


potentially hyperfluidizing fatty acids. 


Concluding Remarks 

There are few research studies which provide 
unequivocal answers to all the questions envisaged upon 
their inception, while it is to be hoped that those answers 
which were obtained should raise new and significant 
questions requiring further research. In concluding, I would 
like to address what I consider to be the area of most 
uncertainty regarding the outcome of this research, as well 


as to indicate promising paths of investigation which follow 


from the results obtained. 
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The two areas of ambiguity which could most affect the 
conclusions drawn from these studies are the estimated value 
of the maximum chemical shift anisotropy for a MFPA in an 
all-trans configuration, and the assumption of effective 
axial symmetry in the gel-state. Although these two points 
were treated on the basis of sound theoretical 
considerations and indirect experimental observations, there 
is no replacement for direct experimentation. In fact, a 
Single experiment should be able to resolve any doubts 
concerning both questions. A study of the orientation 
dependence of the chemical shift in macroscopically oriented 
multi-layers of MFPA-containing lipids should provide the 
answers. If the position of the fluorine resonance line was 
Still orientation dependent at temperatures below the lipid 
phase transition (i.e., a <3cos*?6-1> dependency), then the 
assumption of effective axial symmetry in the gel-state 
would no longer be an asSumption. Furthermore, the value of 
(oy 7 ° | max could be measured directly from the position 
of the fluorine resonance line at orientations of 0° and 90° 
of the oriented multilayers with respect to the magnetic 
field. Resolution of these questions would immeasurably 
Strengthen the conclusions obtained in this research. 

Turning to those questions raised by the outcome of 
these studies, it can be immediately stated that of all the 
literally hundreds of possible fatty acyl structural 
variants, only a few representative structures have been 


investigated. The controversial question of the effects of 
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fatty acyl chain length on volume versus area in a Lipid 
bilayer may well be amenable to study via '°’F-NMR. The 
conformation and dynamics of many naturally occurring fatty 
acid structures such as polyunsaturated and polymethyl- 
branched residues remains at best uncertain. Furthermore, 
many of the naturally occurring fatty acyl species such as 
methyl-branched chain fatty acids exhibit multiple endo- 
thermic transitions when incorporated into PC's, in addition 
to a gel to liquid-crystalline phase transition. It would be 
of particular interest to ascertain whether the disordered 
gel-state exhibited via '*F-NMR in membranes of 4A. Jaidlawii 
B enriched with methyl-branched fatty acids corresponds to 
a particular intermediate gel-state in the homologous PC. 

Of more immediate biological concern are the physical 
consequences of “hyperfluidity", referring to a temperature 
at which a lipid bilayer becomes incapable of correct 
functioning. At what degree of acyl chain disordering does 
this Situation prevail? '‘°F-NMR results suggest that at 
higher temperatures ordering is a function of temperature 
alone, being little influenced by either fatty acid or head- 
group structure, at least for A. Jaidlawii B membranes. 
Does a lipid bilayer membrane become "hyperfluid" because 
the temperature has exceeded the ability of an organism to 
influence bilayer stability structurally? How does the 


-"hyperfluid point” vary from lipid structure toplipid 


structure? 
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Asturther potential Tor, /2F-aNMR studies ‘of lipid 
membranes lies in the as yet largely unexploited ability to 
Simultaneously and independently monitor the physical state 
of both membrane lipids and proteins when the two are 
fluorine labelled. The entire field of lipid-protein 


interactions is burgeoning and such a capability should 


prove useful. 
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